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Figure  1.2.1.  Configuration  of  the  bubble  pack  microdiffusion  cartridge. 

Figure  I.2.2.  Bubble  portion  of  the  bubble  cartridge.  A)  The  bubble  mounting 
pegs  and  B)  the  bubbles  (modified  latex  balloons)  attached  to  the  bubble 
mounting  pegs. 

Figure  I.3.I.  The  cyanide  sensor  prototype:  A)  the  front,  left-hand  view  of  the 
sensor;  B)  the  response  for  no  exposure;  and  C)  the  flashing  response  for 
exposure. 

Figure  1.3.2.  Optical  configuration  of  the  miniature  sensor  cartridge  chamber. 

Figure  1.3.3.  Time  delay  for  sample  excitation  and  A/D  sampling  and  conversion. 

Figure  1.3.4.  Short-term  reaction  rate  for  the  production  of  the  NDA-Taurine-CN 
complex. 

Figure  1.3.5.  Air  volume  optimization  for  the  transfer  of  HCN  gas-containing 
headspace  from  the  sample  chamber  to  the  capture  chamber. 

Figure  1.3.6.  The  cyanide  sensor  prototypes:  A)  the  front,  top  view  of  the  both 
the  original  sensor  and  the  miniature  sensor;  B)  the  response  for  no  exposure; 
and  C)  the  flashing  response  for  exposure. 

Figure  1.3.7.  Experimental  configuration  for  determination  of  the  location  of  HCN 
gas  within  the  side-by-side  cyanide  capture  apparatus. 

Figure  1.3.8.  Schematic  for  the  experimental  configurations  used  in  the  attempt 
to  increase  cyanide  recovery. 

Figure  1.3.9.  Schematic  for  the  experimental  configurations  used  in  the 
rearrangement  of  the  air  inlet. 

Figure  11.7.1.  Reaction  scheme  for  the  condensation  of  cyanamide  with  reduced 
glutathione  (GSH),  and  possible  rearrangement  of  the  initial  product. 

Figure  11.7.2.  Reaction  scheme  for  the  addition  of  cyanide  to  oxidized 
glutathione  (GSSG),  and  possible  products. 

Figure  11.7.3.  Overlaid  HPLC  chromatograms  of  a  reagent  blank,  the  reaction 
mixture  from  GSH  and  cyanamide,  and  Fraction  8  eluted  by  20%  methanol  in 
chloroform  solvent  from  the  silica  column.  HPLC  conditions:  Column:  Zorbax  C- 
18,  4.6  X  150  mm;  Mobile  phase:  ImM  ammonium  formate  in  water/  methanol; 
Flow:  1 .0  mL/ min;  Detection:  270  nm. 
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Figure  11.7.4.  Overlaid  HPLC  chromatograms  of  a  reagent  blank,  the  reaction 
mixture  from  GSH  and  cyanamide,  and  Fractions  11  and  22  eluted  by  50% 
methanol  in  water  from  the  silica  column.  HPLC  conditions:  Column:  Zorbax  C- 
18,  4.6  X  150  mm;  Mobile  phase:  ammonium  formate  (1  mM)  in  water/methanol; 
Flow:  1 .0  mL/ min;  Detection:  270  nm. 

Figure  11.7.5.  Overlaid  mass  spectra  of  the  cyanide-spiked  plasma  reaction 
mixtures.  100  mM  CN  (red)  ,  10  mM  CN  (green)  and  a  plasma  blank  (blue).  AB 
Sciex  0-trap  5500  Mass  Spectrometer  in  positive  ion  mode  with  an  ESI  source. 

Figure  11.7. 6a.  Possible  structure  for  the  observed  m/z  =  279  fragment. 

Figure  11.7. 6b.  Possible  structures  for  the  m/z  =  213  fragment. 

Figure  III. 10.1.  Overlaid  chromatograms  of  10  pM  DMTS  (blue)  and  a  methanol 
blank  (red). 

Figure  III. 10.2.  Overlaid  chromatograms  of  1  mM  DMTS  (purple),  DMTS-spiked 
blood  (green)  and  a  blood  blank  (red). 

Figure  III. 10.3  Overlaid  chromatograms  of  100  pM  DMTS  (red)  and  a  water 
blank  (blue). 

Figure  III. 10.4.  Average  peak  area  of  100  pM  DMTS  by  using  different  initial  CIS 
temperature. 

Figure  III. 10.5.  Average  peak  area  of  100  pM  DMTS  by  using  different 

headspace  incubation  time. 

Figure  III. 10.6.  Average  peak  area  of  100  pM  DMTS  by  using  different  transfer 
heater  temperature  of  DHS. 

Figure  III. 10.7.  Average  peak  area  of  100  pM  DMTS  by  using  different  agitator 
temperature. 

Figure  III. 10.8.  Overlaid  chromatograms  of  0.8  pM  DMTS  (blue)  and  a  water 
blank  (red). 

Figure  III. 11.1.  Overlaid  chromatograms  of  10  pM  DMTS  (blue)  and  a  methanol 
blank  (red). 

Figure  III. 11.2.  Overlaid  chromatograms  of  1  mM  DMTS  (purple),  DMTS-spiked 
blood  (green)  and  a  blood  blank  (red). 
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Figure  III. 11.3.  Overlaid  chromatograms  of  [C4Hi7S6Br]  transition  m/z  =  336.5 
^  220.  LC  conditions  are  as  described  in  the  text. 

Figure  III. 11.4.  Mass  spectra  of  increasing  concentrations  of  DMTS  in  0.1% 
Propionic  acid.  Mass/charge  of  the  ions  of  interest  are  labeled. 

Figure  III. 11.5.  Chromatograms  showing  the  oxidized  reaction  product  (eluting 
at  6.5  min)  and  unreacted  starting  material  DMTS  (eluting  at  15.5  min)  when 
increasing  the  acetic  acid  concentration.  The  LC  conditions  are  described  in  the 
text. 

Figure  III. 11. 6.  Chromatograms  of  0.5  mM  product  from  oxidation  of  increasing 
DMTS  (10  mM-100  mM)  at  1.3  M  peroxide  and  8  M  acetic  acid  concentrations. 
The  LC  parameters  are  described  in  the  text  in  detail. 

Figure  III. 11.7.  Chromatogram  showing  loss  of  DMTS  after  drying  for  15 
minutes  under  N2air.  A  (before  drying)  shows  the  DMTS  peak,  which  disappears 
in  B  (after  drying). 

Figure  III. 11. 8.  Chromatograms  showing  the  oxidized  product  before  (A),  and 
after  drying  (B).  The  oxidized  product  is  completely  lost  after  drying  for  15 
minutes  under  N2  air. 

Figure  III. 11. 9.  Cverlaid  HPLC  chromatograms  of  the  reaction  product  after 
undergoing  different  quenching  steps. 

Figure  111.11.10.  Cverlaid  chromatograms  showing  analysis  of  the  aqueous  layer 
before  and  after  extraction  using  organic  solvents.  The  reaction  product  peak 
elutes  at  6.5  min,  and  DMTS  peak  elutes  at  15  min. 

Figure  111.11.11.  Chromatograms  showing  the  oxidized  reaction  product  (eluting 
at  6.5  min)  and  unreacted  starting  material  DMTS  (eluting  at  15.5  min)  using 
different  acids.  The  LC  conditions  are  described  in  the  text. 

Figure  111.11.12.  Chromatograms  of  the  collected  oxidation  product  in  positive 
ionization  mode  by  infusion  analysis  with  ESI  mass  spectroscopy. 

Figure  111.11.13.  Chromatograms  of  the  collected  oxidation  product  in  negative 
ionization  mode  by  Infusion  analysis  with  ESI-mass  spectroscopy. 

Figure  III.13.1 .  Cverlaid  chromatograms  of  CbiSCs  eluting  at  2.74  min,  3-MPB 
eluting  at  2.69  min,  Cbi(CN)2  eluting  at  2.94  min,  and  Cbi(CN)  eluting  at  2.94  min, 
spiked  in  rabbit  plasma.  The  chromatograms  represent  the  signal  response  of 
the  MRM  transitions  of  CbiSCs  1 092.8  ^  989.9,  3-MPB  311.0^  223.1 ,  Cbi(CN)2 
1064.9^1010.8,  andCbi(CN)  1015.0^  930.5  m/z. 
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Figure  III. 13.2.  Calibration  curve  for  CbiSOs  spiked  in  rabbit  plasma. 

Figure  III. 13.3.  Calibration  curve  for  Cbi(CN)2 spiked  in  rabbit  plasma. 

Figure  III. 13.4.  Calibration  curve  for  Cbi(CN)  spiked  in  rabbit  plasma. 

Figure  III. 13. 5.  Chromatograms  of  Cbi(N02)2  eluting  at  0.75  min,  and  Cbi  eluting 
at  0.8  min  spiked  in  swine  plasma.  The  chromatograms  represent  the  signal 
response  of  the  MRM  transitions  of  Cbi(N02r  1035.9  ^  989.9  and  Cbi  989.0  ^ 
916.9  m/z  and  total  ion  chromatograph  of  the  blank. 

Figure  III. 13.6.  Chromatograms  of  Cbi(CN)2  eluting  at  2.9  min  and  3-MPB  eluting 
at  2.67  min,  in  swine  plasma.  The  chromatograms  represent  the  signal  response 
of  the  MRM  transitions  of  Cbi(CN)2  1015.9-930.9  and  3-MP  31 1 .0  ^  223.1  m/z. 

Figure  III. 13.7.  Chromatograms  of  Cbi(CN)2  eluting  at  2.95  min  spiked  in  swine 
plasma. 


Figure  III.13.8.  The  chromatograms  represent  the  signal  response  of  3-MP, 
eluting  at  2.67  min,  in  plasma  with  varying  Cbi  species  and  excess  cyanide.  The 
MRM  transitions  observed  are  311-223  m/z. 


Figure  III. 13.9.  Chromatograms  of  varying  species  of  Cbi  with  3-MP  and  excess 
cyanide  after  conversion  to  Cbi(CN)2  eluting  at  2.9  min.  The  chromatograms 
represent  the  signal  response  of  the  MRM  transitions  of  Cbi(CN)2  1015.9-930.9 
m/z. 


Figure  III. 14.1.  Schematic  of  the  cyanide  apparatus  used  to  create  sodium-  and 
potassium-free  Cbi-cyanide  species.  The  lower  chamber  contained  KCN  solution 
to  which  acid  was  added  to  generate  HCN(g).  Air  was  bubbled  through  the  lower 
chamber  via  the  air  injection  syringe  to  deliver  HCN(g)  to  cobinamide  solution  in 
the  upper  chamber. 

Figure  III.14.2.  Mass  spectrum  of  cobinamide-sulfite.  The  sodium  adduct, 
([CbiSOsNa]''),  is  clearly  observed  at  1092.5  m/z. 

Figure  III. 14.3.  Mass  spectra  of  aquo-  and  hydroxo-  Cbi  species  with  tentative 
assignment  of  the  peaks  at  1022.5-1026.5. 

Figure  III. 14.4.  Plots  of  intensities  of  1022.5,  1023.5,  1024.5,  1025.5  and  1026.5 
divided  by  the  intensity  of  1024.5.  A,  B  and  C  were  conducted  in  Days  1,  3  and  5, 
respectively.  The  trend  reveals  a  direct  correlation  between  1024.5  (green), 
1025.5(purple)  and  1026.5(light  blue).  Similarly,  1022.5(deep  blue)  and 
1023.5(red)  are  also  correlated.  The  correlation  shows  isotopic  relations.  Day  1 
and  5  solutions  were  not  thermodynamically  stable,  but  Day  3  solutions  were 
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very  stable,  as  they  showed  the  trends  of  the  Cbi  species  at  the  expected  pH 
values. 

Figure  III.14.5.  Chromatograms  showing  the  elution  of  diaquocobinamide(100 
pM)  from  the  LC  column  in  water  (blue)  and  in  plasma  (red).  LC  conditions: 
mobile  phase  A  ;  90  %  5  mM  ammonium  formate  and  10  %  methanol,  mobile 
phase  B  has  90%  methanol  and10%  ammonium  formate  (5  mM).  MS  transition: 
1024.4  ^930.5. 

Figure  III. 14.6.  Chromatogram  of  Cbi  species  prepared  at  pH  11  after  3  days. 

LC  conditions  were  as  described  earlier.  MS  transition:  1022.7  ^  946.8. 

Figure  III. 14.7.  Chromatogram  of  [Cbi(S)2]°  transition  1053  ^  916.  LC 
Conditions  were  as  described  above. 

Figure  III. 14.8.  Overlaid  chromatograms  of  Cbi  species  prepared  at  pH  11  after 
3  days.  LC  conditions  were  as  described  earlier.  MS  transition:  m/z  =  1022.7  ^ 
946.8. 

Figure  III. 14.9.  Overlaid  chromatograms  of  [Cbi(S)2]°  at  transition  m/z  =  1053  ^ 
916.  LC  conditions  were  as  described  above. 

Figure  111.14.10.  Overlaid  chromatograms  of  [CbiS2].  The  solution  prepared  in 
aqueous  medium  (100  pM)  became  thermodynamically  stable  within  24  hours 
(blue  chromatogram  is  blank).  The  intensity  for  the  solution  prepared  within  4 
hours  (red)  was  not  as  much  as  that  for  the  24  hour  period  (green). 

Figure  111.14.11.  Overlaid  chromatograms  from  [CbiS2]°  swine  plasma.  The 
transitions  shown  here  is  m/z  =  1092^989.  The  m/z  =  1053^989  transitions  (not 
shown)  were  unresolved. 

Figure  111.14.12.  Mass  spectrum  (MSI)  showing  the  dinitrocobinamide  with  the 
sodium  adduct,  [Cbi(N02)2Nar  with  m/z=1 104.5,  mononitrocobinamde  with 
sodium  adduct,  ,  [Cbi(N02)Na]^'',  m/z=1 058.5,  mononitrocobimande  with  no 
sodium  adduct,  [Cbi(N02)]’'’ m/z=1035,  and  the  cobinamide  (Cbi)  with  no  ligands 
at  m/z=989.5. 

Figure  111.14.13.  SPE  of  [Cbi(^^C^^N)2]°.  Spectral  intensities  of  ‘free’  cyanide  in 
acidified  solution  (red)  and  non-acidified  solution  containing  the  internal  standard 
(blue).  The  standard  cyanide  spectra  intensity  is  shown  in  green,  and  the  blank 
is  shown  in  yellow.  The  concentration  of  cyanide  verified  (standard  and  free) 
with  NDA/  Taurine  reagent  was  100  pM. 
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Figure  111.14.14.  Chromatograms  showing  the  elution  of  isotopically-labelled 
dicyanocobinamide,  the  internal  standard,  spiked  into  swine  plasma.  MS 
transition:  m/z  =  1068.5  ^  1010.7.  There  is  no  evidence  of  peak  in  the  blank  (red) 
and  the  acidified  solution  (green). 

Figure  111.14.15.  Overlaid  chromatograms  of  [Cbi(N02)2]°  at  transition  m/z  = 

1 1 04.5  ^  1 058.8  and  1 1 04.5.  ^1013.8,  respectively,  in  water  and  plasma.  LC 
conditions  were  as  described  above. 

Figure  111.14.16.  Overlaid  chromatograms  of  [Cbi(N02)2]°  in  swine  plasma  at 
different  concentrations.  The  peak  intensity  for  the  blank  (deep  blue)  is 
significant  and  more  conspicuous  than  the  0.5  pM  (red).  Transitions  monitored 
were  1104  ^1058. 

Figure  111.14.17.  Overlaid  chromatograms  of  1104  ^1058  transitions  for  the 
positive  controls  (shown  in  red  and  grey,)  spiked  mononitromonocyano  (yellow) 
and  dicyano  (blue)  derivatives  of  cobinamide.  The  blank  is  shown  in  green  with  a 
significant  peak  for  the  11 04  ^1 058  transitions.  The  presence  of  1104  ^1 058 
transitions  in  all  the  samples  prepared  could  be  due  to  an  interferent  in  the 
plasma,  and  may  not  be  due  to  a  residual  or  contaminant  of  the  aquo  or  hydroxo 
forms  or  other  derivatives  of  the  cobinamides. 

Figure  111.14.18.  Overlaid  chromatograms  1064.5  ^  1010.8  transitions.  The 
positive  control  is  spiked  dicyano  cobinamide  (blue).  The  red  is 
mononitromonocyanocobinamide  spiked  in  plasma;  the  large  intensity  seen 
could  be  due  to  the  presence  of  dicyanocobinamide  formed  after  cyanide  was 
added  to  the  dinitrocobinamide.  Cyanide  spiked  into  blank  plasma  is  shown  in 
yellow;  any  free  cobinamide  in  the  blank  plasma  should  have  converted  to 
dicyanocobinamide  so  that  the  1064.5  ^  1010.8  transitions  could  be  seen.  The 
absence  of  a  peak  for  the  transition  1064.5  ^  1010.8  in  the  spiked  -CN  blank 
plasma  suggests  that  there  is  no  form  of  cobinamide  in  the  unspiked  plasma 
(similar  to  results  in  Figure  11.4.3  -2.  above). 

Figure  111.14.19.  Overlaid  chromatograms  1084.5  ^1038  transitions.  The 
positive  control  is  spiked  mononitromonocyanocobinamide  (blue  and  red).  The 
grey  peak  is  spiked  dinitrocobinamide  spiked  in  plasma.  The  yellow  represents 
spiked  dicyanocobinamide,  and  the  deep  blue  (tiny)  is  the  peak  for  spiked  CN 
into  the  blank  plasma.  By  the  same  analogy  described  earlier  any  free 
cobinamide  in  the  unspiked  plasma  should  have  been  converted  to  cyanide 
derivatives  when  the  CN  was  spiked  into  it.  The  absence  of  any  conspicuous 
peaks  for  the  spiked-CN  plasma  could  be  an  indication  of  lack  of  any  cobinamide 
in  the  blank  plasma.  The  large  peak  seen  for  this  transition  in  the  blank  (green) 
could  possibly  be  an  interferent  or  a  contamination  that  is  not  in  the  plasma  but 
probably  from  other  sources  such  as  the  injector  of  the  LC. 
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Figure  111.14.20.  Stacked  chromatogram  for  ‘neutral’  spiked  and  unspiked 
plasma  (blank)  prepared  at  0  hour  and  1  hour,  respectively,  prior  to  analysis. 

The  intensity  for  the  blank  plasma  (light  blue)  analyzed  after  1  hour  is  very  much 
higher  than  that  for  0  hour  (deep  blue).  ‘DN’  is  spiked  dinitrocobinamide  into  the 
plasma  at  1  hour  (red)  or  0  hour  (green).  The  intensities  for  the  spiked  DN 
samples  were  almost  the  same. 

Figure  111.14.21.  Stacked  chromatogram  for  ‘acidified’  spiked  and  unspiked 
plasma  (blank)  prepared  at  0  hour  and  1  hour,  respectively,  prior  to  analysis. 

The  intensity  for  the  acidified  blank  plasma  (light  blue)  analyzed  after  1  hour  is 
very  much  higher  than  that  for  0  hour  (deep  blue).  ‘DN’  is  spiked 
dinitrocobinamide  into  the  plasma  at  1  hour  (red)  or  0  hour  (green).  The  intensity 
for  the  spiked  DN  analyzed  after  1  hour  diminished  almost  to  undetectable  limits, 
as  compared  to  all  other  peaks. 

Figure  111.14.22.  Overlaid  chromatogram  for  ‘alkalanized’  spiked  and  unspiked 
plasma  (blank)  prepared  at  0  hour  and  1  hour,  respectively,  prior  to  analysis. 
The  intensity  for  the  alkalinized  blank  plasma  (light  blue)  analyzed  after  1  hour  is 
very  much  lower  than  that  for  0  hour  (deep  blue).  ‘DN’  is  spiked 
dinitrocobinamide  into  the  plasma  at  1  hour  (red)  or  0  hour  (green).  The  intensity 
for  the  spiked  DN  analyzed  after  1  hour  was  significantly  enhanced. 
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INTRODUCTION 


One  of  the  long-term  goals  of  the  Strategic  Plan  and  Research  Agenda  for 
Medical  Countermeasures  Against  Chemical  Threats  (August,  2007)^  is  the 
development  of  “rapid  diagnostic  tests  and  assays  to  identify  biological  markers 
consistent  with  cyanide  exposure  and  the  level  of  exposure”.  Dr.  Logue  has 
been  working  to  identify  and  study  biological  marker  behavior  and  to  develop 
rapid,  portable  cyanide  diagnostics  over  the  last  several  years.^’^  Multiple  sensor 
technologies  have  been  developed  by  the  PI  to  move  towards  the  ultimate 
sensor  technology  that  combines  rapid  and  accurate  determination  of  cyanide 
exposure  with  simplistic  use.  The  combination  of  these  technologies  should 
prove  to  be  the  most  rapid  path  towards  the  long-term  research  goal  of  cyanide 
diagnostic  development.  Therefore,  one  objective  of  the  proposed  work  is  to 
develop  a  diagnostic  sensor  that  combines  rapid  and  accurate  determination  of 
cyanide  exposure  with  simplistic  use.  A  diagnostic  sensor  will  be  developed  from 
a  combination  of  the  most  promising  current  sensor  technologies  for  rapid 
cyanide  diagnosis.  The  sensor  technology  will  utilize  the  change  in  fluorescence 
from  the  reaction  of  naphthalene  dialdehyde  (NDA),  taurine,  and  cyanide  as  the 
core  chemical  process.  This  chemical  process  has  shown  excellent  sensitivity 
and  selectivity  for  cyanide  analysis  in  past  work. 

The  choice  of  biomarker  and  biological  matrix  for  diagnosing  cyanide 
poisoning  is  dependent  on  multiple  factors.  While  definitive  determination  of 
cyanide  exposure  is  essential,  the  ability  to  quickly  and  non-invasively  gather  the 
biological  matrix  of  interest  is  also  desirable,  especially  in  a  mass  casualty 
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situation.  Currently,  cyanide  exposure  is  typically  determined  by  analysis  of 
blood  for  elevated  cyanide  concentrations,  although  it  may  not  be  the  best 
matrix/biomarker  combination.  Therefore,  multiple  biomarkers  will  be  evaluated 
as  potential  alternatives  to  direct  analysis  of  cyanide  by  developing  analytical 
methods  for  their  analysis. 

Pharmacokinetic,  stability,  and  other  studies,  which  are  necessary  for  FDA 
approval,  require  an  analytical  method.  3-Mercaptopyruvate  (3-MP), 
dimethyltrisulfide  (DMTS),  and  cobinamide  (Cbi)  are  promising  cyanide 
therapeutic  lead  candidates,  including  combinations  of  the  three,  that  are 
currently  being  studied  for  potential  FDA  approval.  Some  of  these  therapeutics 
currently  have  associated  analytical  methods,  but  some  do  not.  Furthermore,  no 
methods  are  available  for  the  simultaneous  detection  of  two  or  more  of  these 
therapeutics  during  combination  therapies.  Therefore,  we  will  develop  multiple 
methods  for  the  analysis  of  cyanide  therapeutics  from  blood  or  its  components. 


Technical  Objectives 

1.  Develop  a  diagnostic  sensor  that  combines  rapid  and  accurate  determination 
of  cyanide  exposure  with  simplistic  use  and  portability. 

2.  Identify  alternative  biomarkers  of  cyanide  exposure  by  developing  analytical 
methods  for  their  analysis  and  determining  the  toxicokinetics  of  these 
biomarkers. 
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3.  Develop  assays  to  detect  next  generation  cyanide  antidotes  from  biological 
fluids  that  are  accurate  and  robust. 

Specific  Tasks 

la)  Develop  an  easy-to-use  two-chamber  type  diagnostic  sensor  technology 
that  has  the  ability  to  determine  cyanide  exposure  rapidly  and  accurately. 

Previously,  the  development  of  a  simple,  field-portable  fluorometric  sensor 
platform  was  undertaken.  Although  extremely  promising,  the  analysis  time  for 
cyanide  by  the  initial  sensor  was  slow  (5-minute  analysis)  compared  to  the  onset 
of  the  symptoms  of  cyanide  exposure.  Thus,  the  development  of  the  next- 
generation  portable  fluorometric  cyanide  diagnostic  sensor  will  be  pursued. 

lb)  Test  the  sensor  developed  in  Task  1  using  an  appropriate  animal  model  to 
confirm  the  ability  of  the  sensor  to  diagnose  cyanide  exposure. 

2)  Evaluate  novel  markers  of  cyanide  exposure  to  help  determine  the  most 
appropriate  cyanide  exposure  marker. 

A  rat  model  was  used  in  the  initial  toxicokinetic  experiment  and  may  not 
be  appropriate  for  this  study.  Therefore,  a  rabbit  model  (reported  last  year)  and  a 
swine  model  will  be  used  to  verify  the  toxicokinetic  data.  To  increase  the 
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chances  of  finding  a  suitable  cyanide  diagnostic  bio-marker,  we  shall  also 
investigate  the  cyanide  adduct  of  a-ketoglutarate,  a-ketoglutarate  cyanohydrin, 
and  the  cyanide  adduct(s)  of  glutathione. 

2a)  Verify  the  toxicokinetics  of  ATCA,  cyanide,  and  thiocyanate  in  an 
appropriate  animal  model  post-cyanide  exposure 

2b)  Optimize  and  validate  an  analytical  method  to  analyze  ATCA,  cyanide, 
and  thiocyanate  simultaneously. 

To  lessen  the  burden  of  analyzing  three  compounds  with  three  different 
methods,  an  analytical  method  to  determine  all  three  metabolites  simultaneously 
will  be  developed  at  SDSU.  This  method  will  be  utilized  to  determine  ATCA, 
cyanide,  and  thiocyanate  concentrations  from  the  biological  samples  produced  in 
Task  1 ,  if  validated  prior  to  the  toxicokinetic  study. 

2c)  Determination  of  the  cyanide  metabolite  a-ketoglutarate  cyanohydrin  by 
liquid  chromatography  tandem  mass-spectrometry 

2d)  Determination  of  the  cyanide  adduct  of  glutathione  by  high  performance 
liquid  chromatography 
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3)  Development  of  an  assay  for  3-mercaptopyruvate  (sulfanegen),  dimethyl 
trisulfide,  and  multiple  forms  of  cobinamide  from  blood  (i.e.,  plasma,  RBCs  or 
whole  blood)  and  test  methods  to  analyze  combinations  of  each. 
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SECTION  I 


DEVELOP  A  DIAGNOSTIC  SENSOR  THAT  COMBINES  RAPID  AND 
ACCURATE  DETERMINATION  OF  CYANIDE  EXPOSURE  WITH  SIMPLISTIC 

USE  AND  PORTABILITY 

CHAPTER  1 

DEVELOPMENT  OF  A  FLUORESCENCE-BASED  SENSOR  FOR  RAPID 
DIAGNOSIS  OF  CYANIDE  EXPOSURE 


Randy  E.  Jackson  and  Brian  A.  Logue 


1.1.  The  effort  for  this  portion  of  the  report  was  published  as  a  peer-reviewed 
manuscript  which  is  attached  as  Appendix  I. 
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CHAPTER  2 


DESIGN  OF  PROTOTYPE  2  CARTRIDGE  FOR  CYANIDE  SENSOR 
Randy  E.  Jackson  and  Brian  A.  Logue 

1.2.1.  Microdiffusion  Cartridge  Design  Evoiution. 

The  current  microdiffusion  cartridge  utilizes  a  “bubble  pack”  for  reagent 
introduction  (Figure  I.2.1 )  with  external  dimensions  of  45  x  30  x  40  mm  (I  x  w  x 
h).  The  bubble  pack  microdiffusion  cartridge  utilizes  side-by-side  positioning  of 
the  sample  and  capture  chambers,  contains  channels  to  deliver  the  reagents  to 
their  designated  chambers,  and  uses  a  bubble  pack  to  house  the  reagents. 
Several  materials,  including  bubble  wrap,  nitrile,  and  latex,  were  evaluated  to 
create  a  leak  proof  bubble.  Modified  latex  balloons  (35  cm  long  with  a  0.8  mm 
diameter)  were  determined  to  be  the  best  material  to  create  short-term  leak  proof 
seal  (see  Figure  1.2.2).  The  balloons  were  able  to  create  a  leak-free  seal  and 
could  be  modified  to  hold  the  correct  amount  of  solution  for  the  designated 
reagents.  The  latex  material  created  the  leak-free  seal  due  to  the  attached  o-ring 
and  the  flexibility  of  the  material.  Also,  it  is  important  to  note  that  over  time  the 
latex  became  brittle  and  less  flexible  which  lead  to  tearing.  This  issue  may  be 
eliminated  in  the  manufacturing  process  with  the  use  of  a  plastic  material  (i.e., 
the  use  of  polyethylene)  to  create  the  bubbles.  The  current  cartridge  design 
allows  the  expulsion  of  capture  solution  through  the  air  outlet  in  the  capture 
chamber  and  the  junction  between  the  bubble  portion  and  the  chamber  portion  of 
the  cartridge  leaks  at  times.  Currently,  a  new  cartridge  design  that  increases  the 
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size  of  the  capture  chamber  and  uses  the  incorporation  if  preformed  plastic 
material  (i.e.,  needle  and  syringe  Luer  locks,  metal  tubing)  into  the  fused 
deposition  modeling  (FDM)  printed  material  is  being  developed.  The  design 
changes  will  ensure  the  preservation  of  capture  solution  as  well  as  ensure  liquid 
and  airtight  seals  for  junctions  and  channels  within  the  microdiffusion  cartridge. 


Sample 

Chamber 


AinA 


Capture 

Chamber 


Figure  1.2.1.  Configuration  of  the  bubble  pack  microdiffusion  cartridge. 
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Figure  1.2.2.  Bubble  portion  of  the  bubble  cartridge.  A)  The  bubble  nnounting 
pegs  and  B)  the  bubbles  (modified  latex  balloons)  attached  to  the  bubble 
mounting  pegs. 
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CHAPTER  3 


DESIGN  OF  TWO-CHAMBER  PROTOTYPE  SENSORS 
Randy  E.  Jackson  and  Brian  A.  Logue 

1.3.1.  Sensor  Circuit  Design  for  Prototype 

The  sensor  casing  was  designed  in  our  laboratory  and  manufactured  by 
Falcon  Plastics  using  their  fused  deposition  modeling  (FDM)  Printing  Technology 
(i.e.,  rapid  prototyping  or  3D  printing).  The  current  sensor  has  a  base  for 
mounting  all  components,  a  cartridge  and  detector  holder  (mounted  to  the  base 
and  holds  the  microdiffusion  cartridge  and  USB2000+  Spectrometer),  and  a 
cover,  which  houses  the  display  and  is  secured  in  place  to  the  base.  The 
circuitry  consists  of  a  Microchip  Explorer  16  PIC  development  board  joined  to  an 
Electronic  Assembly  display  development  board,  and  a  Firgelli  linear  actuator 
control  board.  The  sensor  (Figure  II.3.1A)  was  programmed  and  can  differentiate 
between  below  threshold  (display  reads  “No  Exposure”  seen  in  Figure  11.3.1  B) 
and  above  threshold  (display  flashes  “Exposure  Detected”  seen  in  Figure  11.3.1  C) 
concentrations  of  cyanide.  The  threshold  for  exposure  was  set  at  15  pM  cyanide 
in  whole  blood.  The  circuit  design,  implementation,  and  programming  were 
performed  at  Midwest  Micro-Tek  and  in  our  laboratory.  For  laboratory  testing, 
further  programming  is  needed  to  create  an  administrator  screen  such  that 
numerical  data  can  be  obtained  from  the  sensor  and  analyzed.  The  current 
sensor  is  portable,  but  still  bulky  measuring  28.5  x  19.5  x  15  cm  (I  x  w  x  h).  The 
use  of  bulky  components  such  as  the  50  mm  linear  actuator,  the  large 
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development  circuit  board,  and  the  USB2000+  Spectrometer  makes  the  sensor 
much  larger  than  necessary.  We  identified  smaller  components  and  have 
designed  a  photodiode-based  spectrophotometer  to  replace  the  larger 
components  in  order  to  miniaturize  the  sensor  and  increase  instrument 
portability.  These  changes  were  incorporated  into  a  new  circuit  design,  which 
was  built  in  lab.  The  new  circuit  design  is  centered  around  the  same  Microchip 
Explorer  16  PIC  development  board  joined  to  an  Electronic  Assembly  display 
development  board  in  order  to  manipulate  the  coding  that  currently  exists.  The 
code  for  the  display  screens  (altered  and  new)  and  the  microcontroller  code  to 
navigate  through  the  screens  were  written.  The  coding  and  communication 
programming  for  all  the  additional  peripheral  components  (i.e.,  linear  actuator, 
pressure  pump,  etc.)  and  the  microcontroller  unit  were  developed.  The  circuitry 
for  the  new  miniature  sensor  is  complete  and  the  manufacture  of  a  custom  circuit 
board  is  underway  with  the  electrical  engineers  at  Midwest  Micro-Tek.  Lastly,  the 
coding  for  the  miniature  sensor  is  -90%  complete;  some  coding  for  displaying 
detector  signals  as  numerical  values,  and  the  optimization  of  LED  illumination, 
light  capture,  and  analog-to-digital  conversion  is  underway.  These  items  will  be 
developed  concurrently  with  circuit  board  manufacture. 

I.3.2.  RESULTS  AND  DISCUSSION 
1. 3.2.1.  Sensor  Optics  Optimization 

To  obtain  the  highest  fluorescence  signal  within  the  desired  analysis  time 
(>1  min),  the  initiation  time  for  the  LED  irradiation  and  the  time  interval  for 
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photodiode  sampling  and  analog  to  digital  (A/D)  conversion  were  optimized.  This 
evaluation  was  performed  using  a  410nm  LED  with  no  focusing  lens,  a  1  cm  path 
length  cuvette  (placed  in  the  cartridge  chamber  of  the  sensor),  and  a  photodiode 
with  a  focusing  lens  (1.5  cm  focal  length)  positioned  perpendicular  to  the  LED, 
see  Figure  II. 3. 2.  Samples  consisted  of  100  |iL  of  the  specified  CN  standard  (0, 
1,  and  10  |iM  NaCN  in  10  mM  NaOH)  and  200  \iL  of  each  capture  solution 
reagent  (0.5  mM  NDA,  0.05  M  taurine,  and  0.1  M  NaOH).  The  time  delays  used 
to  analyze  fluorescence  ranged  from  15.625  -  125  ms.  The  sample  analysis 
sequence  was  as  follows,  the  LED  was  turned  on  and  the  timer  began  counting, 
analog  sampling  was  performed  when  the  counter  reached  the  designated  time 
and  the  LED  was  turned  off  immediately  after  analog  sampling.  The  increased 
fluorescent  signal  for  62.5  ms  time  delay  shown  in  Figure  11.3.3  indicates  that  it 
was  the  optimum  time  delay  between  sample  excitation  and  analog  sampling  for 
A/D  conversion. 

1.3. 2.2.  Evaluation  of  Analysis  Time 

The  analysis  time  was  evaluated  to  determine  the  time  (after  NDA  and 
taurine  addition)  needed  to  distinguish  a  blank  sample  from  a  CN  spiked  sample. 
This  evaluation  was  performed  using  same  optical  configuration  as  previously 
described.  For  the  initial  analysis  using  the  cuvette,  samples  for  the  cuvette 
consisted  of  the  CN  standard  (100  |iL  of  0  and  10  |iM  NaCN  in  10  mM  NaCH) 
and  200  |iL  of  each  0.5  mM  NDA,and  0.1  M  NaCH),  and  200  |iL  of  0.05  M 
taurine  was  added  at  time  of  analysis.  Upon  the  introduction  of  taurine  the 
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“capture”  button  was  pressed  and  fluorescence  was  measured.  For  the  cartridge 
samples,  the  CN  Std  (100  |iL  of  0  and  10  |iM  NaCN  in  0.010  M  NaOH)  were 
placed  in  the  capture  chamber  and  reagent  bubbles  were  prepared  containing 
200  [iL  of  NDA,  250  ^iL  of  taurine,  and  250  of  NaOH.  The  cartridge  was 
placed  in  the  cartridge  holder,  automatically  injects  NaOH,  and  both  the  NDA  and 
taurine  bubbles  were  depressed  and  the  capture  button  was  pressed.  Once  the 
capture  button  was  pressed,  the  sample  solutions  were  allowed  to  passively  mix 
for  time  periods  ranging  from  1  -  90  s  before  fluorescence  was  measured. 
Figure  11.3.4  shows  the  comparison  of  the  cuvette  and  cartridge  and  the  rate  of 
observed  fluorescence  signal  differentiation  for  the  NDA-taurine-CN  complex. 
The  use  of  the  cartridge  is  favorable  due  to  the  fact  that  it  decreases  the 
background  signal  and  reduced  the  standard  deviation  observed  between 
samples.  The  20  s  time  period  for  both  reaction  vessels  was  the  first  time  period 
that  allows  for  reproducible  and  significant  distinction  between  CN  containing 
samples  and  blanks  and  this  time  period  was  considers  best  compromise 
between  quick  analysis  and  accurate  differentiation  between  exposed  and  non- 
exposed  samples. 

/. 3. 2. 3.  Transfer  Pump  Flow  Rate 

The  flow  rate  of  the  transfer  pump  was  evaluated  to  determine  the 
optimum  volume  of  air  for  the  transfer  of  HCN  containing  headspace  from  the 
sample  chamber  to  the  capture  chamber.  The  pump  flow  rate  was  analyzed  by 
attaching  the  pump  to  the  air  inlet  luer  (located  beneath  the  cartridge  chamber) 
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using  an  11  cm  long  piece  of  Nalgene  tubing  with  a  3  mm  I.D.,  the  outlet  side  of 
the  air  inlet  luer  was  attached  to  a  50.5  cm  long  Nalgene  tubing  that  steps  up 
from  3  mm  I.D.  to  12.5  mm  I.D.  The  end  of  the  tubing  measuring  12.5  mm  I.D. 
was  placed  in  a  beaker  of  water  and  the  pump  was  turned  on  for  10  s.  The 
bubbles  which  evolved  were  counted  and  the  pump  flow  rate  was  estimated  by 
multiplying  the  number  of  bubbles  by  the  calculated  volume  of  a  12.5  mm  bubble. 
The  flow  rate  was  estimated  to  be  3.5  mL/s  or  0.211  L/min.  This  calculated  flow 
rate  was  lower  than  the  manufacturer’s  rating  but  the  pump  was  powered  with  a 
5  V  power  supply  rather  than  the  6  V  supply  recommended  by  the  manufacturer. 

L3.2.4.  Air  Volume  Optimization 

Once  the  pump  flow  rate  was  determined,  the  air  volume  necessary  to 
transfer  the  HCN  containing  headspace  from  the  sample  chamber  to  the  capture 
chamber  was  evaluated.  Samples  consisted  of  a  CN  standard  (100  |iL  of  0  or  10 
|iM  NaCN  in  10  mM  NaOH)  placed  in  the  sample  chamber  of  the  analysis 
cartridge  while  300  |iL  of  H2S04(1  M)  200  |iL  of  NDA  (0.5  mM),  250  |iL  of  taurine 
(0.05  M),  and  250  pL  of  NaOH  (0.1  M)  were  placed  in  their  specified  reagent 
bubbles.  The  cartridge  was  placed  in  the  cartridge  holder  which  automatically 
injects  H2SO4  and  NaOH  and  the  start  button  was  pressed.  The  air  pump 
delivered  air  volumes  ranging  from  30-70  mL.  Once  the  pump  stopped,  NDA  and 
taurine  bubbles  were  depressed  using  the  linear  actuator  injector  arm  and  the 
reaction  was  allowed  to  proceed  for  20  s  before  fluorescence  was  measured. 
Preliminary  results  (Figure  11.1-5)  indicate  that  60-70  mL  of  air  may  be  the 
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optimum  for  transferring  HCN  gas  to  the  capture  chamber,  although  additional  air 
volumes,  as  well  as  blank  samples  and  replicate  analysis,  must  be  performed  to 
obtain  definitive  information  about  the  transfer  of  HCN  gas.  If  these  preliminary 
results  hold  true,  the  overall  analysis  time  is  expected  to  be  ~40  s,  which  is  well 
below  the  goal  of  <1  min. 


Figure  1.3.1.  The  cyanide  sensor  prototype:  A)  the  front,  left-hand  view  of  the 
sensor;  B)  the  response  for  no  exposure;  and  C)  the  flashing  response  for 
exposure. 
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Figure  11.3.2.  Optical  configuration  of  the  miniature  sensor  cartridge  chamber. 
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Figure  11.3.3.  Time  delay  for  sample  excitation  and  A/D  sampling  and 
conversion. 
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Figure  11.3.4.  Short-term  reaction  rate  for  the  production  of  the  NDA-Taurine-CN 
complex. 


Figure  11.3.5.  Air  volume  optimization  for  the  transfer  of  HCN  gas-containing 
headspace  from  the  sample  chamber  to  the  capture  chamber. 
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II. 3. 2. 5.  Sensor  Circuit  Design  for  Prototype 

The  sensor  casing  was  designed  in  our  laboratory  and  manufactured  by 
Falcon  Plastics  using  their  fused  deposition  modeling  (FDM)  Printing  Technology 
(i.e.,  rapid  prototyping  or  3D  printing).  The  current  sensor  has  a  base  for 
mounting  all  components,  a  cartridge  and  detector  holder  (mounted  to  the  base 
and  holds  the  microdifusion  cartridge  and  USB2000+  Spectrometer),  and  a  cover 
which  houses  the  display  and  is  secured  in  place  to  the  base.  The  circuitry 
consists  of  a  Microchip  Explorer  16  PIC  development  board  joined  to  an 
Electronic  Assembly  display  development  board,  and  a  Firgelli  linear  actuator 
control  board.  The  sensor  (Figure  II.3.6A)  was  programmed  and  can  differentiate 
between  below  threshold  (display  reads  “No  Exposure”  seen  in  Figure  II.3.6B) 
and  above  threshold  (display  flashes  “Exposure  Detected”  seen  in  Figure  II.3.6C) 
concentrations  of  cyanide.  The  threshold  for  exposure  was  set  at  15  pM  cyanide 
in  whole  blood.  The  circuit  design,  implementation,  and  programming  were 
performed  at  Midwest  Micro-Tek  and  in  our  laboratory.  For  laboratory  testing, 
further  programming  is  needed  to  create  an  administrator  screen  such  that 
numerical  data  can  be  obtained  from  the  sensor  and  analyzed.  The  current 
sensor  is  portable,  but  still  bulky  measuring  28.5  x  19.5  x  15  cm  (I  x  w  x  h)  taking 
up  -8300  cm^.  The  use  of  bulky  components  such  as  the  50  mm  linear  actuator, 
the  large  development  circuit  board,  and  the  USB2000+  Spectrometer  makes  the 
sensor  much  larger  than  necessary.  We  identified  smaller  components  and  have 
designed  a  photodiode-based  spectrophotometer  to  replace  the  larger 
components  in  order  to  miniaturize  the  sensor  and  increase  instrument 
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portability.  These  change  were  incorporated  into  a  new  circuit  design,  which  was 
built  in  lab.  The  new  circuit  design  is  centered  around  the  same  Microchip 
Explorer  16  PIC  development  board  joined  to  an  Electronic  Assembly  display 
development  board  in  order  to  manipulate  the  coding  that  currently  exists.  The 
code  for  the  display  screens  (altered  and  new)  and  the  microcontroller  code  to 
navigate  through  the  screens  were  written.  The  coding  and  communication 
programming  for  all  the  additional  peripheral  components  (i.e.,  linear  actuator, 
pressure  pump,  etc.)  and  the  microcontroller  unit  were  developed.  A  custom 
circuit  board  was  designed  and  a  sensor  casing  were  designed  in  our  laboratory 
and  manufactured  by  the  electrical  engineers  at  Midwest  Micro-Tek  and  the 
printing  technicians  at  Falcon  Plastics,  respectively.  The  miniature  sensor  has 
increased  portability  and  measures  19.6  x  13.2  x  9.5  cm  (I  x  w  x  h)  taking  up 
-2500  cm^,  which  is  -  1/3  the  size  of  the  original  cyanide  sensor  (for  comparison 
see  Figure  II.3.6A).  Lastly,  the  coding  for  the  miniature  sensor  is  -95% 
complete;  some  coding  for  displaying  detector  signals  as  numerical  values  is 
underway. 

11.3.2.6.  Investigation  of  Loss  of  Cyanide  Recovery 

Initial  cyanide  recovery  data  that  led  to  the  side-by-side  cyanide  capture 
apparatus,  indicated  ^80%  recovery.  While  using  the  cartridge,  only  5% 
recovery  was  being  observed.  The  initial  thought  was  that  the  cyanide  was  being 
lost  to  the  atmosphere  due  to  the  high  flow  rate  of  0.211  L/min.  To  test  this 
hypothesis,  the  cartridge  was  mimicked  using  1  cm  cuvettes  cut  to  designated 
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dimensions.  The  experimental  setup  consisted  of  three  consecutive  chambers, 
the  sample  chamber  (1  cm  cuvette  cut  33  mm  tall)  was  joined  to  the  capture 
chamber  (1  cm  cuvette  cut  13  mm  tall)  which  was  joined  to  the  air  out  let 
chamber,  see  Figure  II.3.7  for  the  schematic.  The  chambers  were  joined  using 
0.010  I.D.  Tygon  tubing  pushed  over  varying  lengths  of  18  ga  stainless  steel 
tubing  that  was  puncturing  polypropylene  push  cap.  The  caps  on  the  sample  and 
air  outlet  chambers  had  one  additional  hole  for  either  an  inlet  for  air  introduction 
or  outlet  for  air  after  cyanide  capture.  The  100  pL  (50  pM  NaCN)  sample  was 
placed  in  the  sample  chamber,  acidified  (300  pL  of  1  M  H2SO4),  then  60  mL  of  air 
was  forced  thought  the  capture  chamber  and  bubbled  through  the  solution  in  the 
air  outlet  chamber,  which  both  contained  200  pL  of  0.1  M  NaOH.  For 
fluorometric  analysis  of  the  sample  chamber,  200  pL  of  8M  base  was  added  to 
neutralize  the  acid  and  trap  any  cyanide  that  was  still  present,  then  100  pL  of  the 
resulting  solution  was  reacted  with  200  pL  of  each  capture  solution  reagent,  0.1 
M  NaOFI,  0.5  mM  NDA,  and  12.5  mM  taurine.  For  fluorometric  analysis  of  the 
capture  and  air  outlet  chambers,  200  pL  of  each,  0.5  mM  NDA,  and  12.5  mM 
taurine,  were  added  to  each  chamber.  Fluorometric  analysis  was  performed 
using  the  miniature  sensor.  The  sample,  capture,  and  air  outlet  chambers  were 
found  to  contain  8.4,  4.4,  and  1.2%  of  the  cyanide  available  in  the  original  100  pL 
sample,  respectively.  This  experiment  indicates  that  86%  of  the  available 
cyanide  is  not  being  transferred  from  the  sample  chamber  to  the  capture 
chamber.  The  cyanide  may  be  interacting  with  or  adhering  to  the  materials  that 
the  cyanide  capture  apparatus  in  made  of  or  could  possibly  be  contained  in  the 
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headspace  of  the  sample  chamber  due  to  the  small  volume  (60  mL)  of  air  being 
used  to  transfer  the  HCN  gas.  This  data  also  indicates  that  there  is  minuscule 
loss  of  HCN  to  the  atmosphere  so  the  use  of  bubbling  through  the  capture 
solution  could  aid  in  the  increase  of  cyanide  recovery. 

11.3.2.7.  Attempts  to  Increase  Cyanide  Recovery 

In  an  attempt  to  increase  the  cyanide  recovery  for  the  side-by-side 
cyanide  capture  apparatus,  various  parameters  were  tested  (i.e.,  chamber  size, 
air  volume,  chamber  size,  etc.).  The  experimental  setup  consisted  of  the  sample 
chamber  (1  cm  cuvette  cut  16.5  or  33  mm  tall)  was  joined  to  the  capture  chamber 
(1  cm  cuvette  cut  13  mm  tall),  see  Figure  11.3.8  for  the  schematic.  The  chambers 
were  joined  using  0.010  I.D.  Tygon  tubing  pushed  over  varying  lengths  of  18  ga 
stainless  steel  tubing  that  was  puncturing  polypropylene  push  cap.  The  caps  on 
the  sample  and  capture  chambers  had  one  additional  hole  for  either  an  inlet  for 
air  introduction  or  outlet  for  air  after  cyanide  capture.  In  the  capture  chamber  the 
piece  of  18  ga  stainless  steel  inlet  (from  the  sample  chamber)  was  submerged 
(to  allow  bubbling)  into  the  200  pL  of  0.1  M  NaOH  present.  The  100  pL  (50  pM 
NaCN)  sample  was  placed  in  the  sample  chamber,  acidified  (300  pL  of  1  M 
H2SO4),  then  60/120  mL  of  air  was  bubbled  through  the  200  pL  of  0.1  M  NaOH  in 
the  capture  chamber.  The  sample  chamber  was  tested  with  and  without 
bubbling,  and  one  set  of  samples  were  tested  using  a  smaller  sample  chamber 
size  (with  bubbling  only).  For  fluorometric  analysis  of  the  capture  chamber,  200 
pL  of  each,  0.5  mM  NDA,  and  12.5  mM  taurine,  were  added  and  fluorometric 
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analysis  was  performed  using  the  miniature  sensor.  When  no  bubbling  was  used 
in  the  sample  chamber  the  cyanide  recovery  for  60  and  120  mL  of  air  were  5  and 
18%.  When  bubbling  was  employed  and  120  mL  of  air  was  introduced  in  to  the 
sample  chamber,  the  32  mm  sample  chamber  produced  a  cyanide  recovery  of 
44%  while  the  use  of  the  16.5  mm  sample  chamber  produced  a  cyanide  recovery 
of  79%.  This  data  indicates  that  the  HCN  gas  is  likely  accumulating  at  the 
surface  of  the  solution  in  the  sample  chamber  and  only  a  small  amount  is  being 
swept  into  the  air  and  being  transferred  to  the  capture  chamber.  The  use  of  a 
smaller  volume  sample  chamber,  larger  volume  of  air  and  bubbling  the  sample 
solution  aid  in  the  increased  recovery  of  cyanide.  This  may  be  an  issue  since  all 
these  experiments  were  carried  out  using  aqueous  samples  rather  than  blood  as 
the  sample  matrix. 

11.3.2.8.  Blood  as  a  Sample  Matrix 

Compared  to  aqueous  solutions,  blood  is  a  very  complex  matrix  and  may 
not  interact  in  the  same  manner.  Experiments  to  determine  if  blood  diluted  with 
H2SO4  will  exhibit  similar  bubbling  pattern  as  aqueous  solutions  were  performed. 
Water  (400  pL),  rabbit  whole  blood  (20,  50,  and  100  pL)  and  0.01  M  NaOH  (100 
pL,  cyanide  is  typically  made  up  in  this)  were  placed  in  a  20  mm  tall  1  cm 
cuvette,  300  pL  of  H2SO4  was  added  to  blood  or  0.01  M  NaOH  samples,  and 
capped.  The  cap  was  joined  to  an  empty  capture  chamber  to  assess  solution 
transfer.  The  air  inlet  needle  was  submerged  into  the  sample  solution  and  60  mL 
of  air  was  introduced  as  fast  as  possible  to  mimic  the  sensors  pressure  pump. 
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The  water  sample  had  medium  bubbles  (~6  mm  in  diameter)  that  popped  at  the 
top  of  the  chamber,  and  ~10  pL  of  solution  was  transferred  within  the  introduction 
of  the  full  60  mL  of  air.  For  all  sample  volumes  of  blood,  there  were  medium 
bubbles  (also  ~6  mm  in  diameter)  that  did  not  pop  at  the  top  of  the  chamber  and 
~20  pL  solution  was  transferred  within  the  introduction  of  only  15  mL  of  air.  The 
0.01  M  NaOH  sample  had  large  bubbles  (8-10  mm  in  diameter)  that  popped  half 
way  up  the  chamber  and  no  solution  was  transferred  within  the  introduction  of  the 
full  60  mL  of  air.  The  data  indicates  that  when  using  blood  as  the  sample  matrix, 
bubbling  is  not  plausible  for  the  side-by-side  cyanide  capture  apparatus  because 
it  causes  sample  solution  to  transfer  from  the  sample  chamber  to  the  capture 
chamber. 

II. 3. 2. 9.  Air  Inlet  Rearrangement 

The  use  of  blood  as  a  sample  matrix  makes  the  use  of  bubbling  through 
the  sample  solution  impractical.  Since  the  HCN  gas  is  believed  to  be 
concentrated  near  the  surface  of  the  sample  solution,  it  may  be  possible  to 
increase  cyanide  recovery  by  adjusting  the  placement  of  the  air  inlet  tube.  A  20 
mm  tall  sample  chamber  with  an  air  inlet  positioned  6  mm  high  (1  mm  higher 
than  the  sample  solution  level)  (see  Figure  11.3.9)  was  made  for  these 
experiments.  Since  there  was  no  bubbling  with  this  setup  it  was  elected  that 
aqueous  samples  would  be  used  for  the  assessment  of  cyanide  recovery.  The 
100  pL  (10  pM  NaCN)  sample  was  placed  in  the  sample  chamber,  acidified  (300 
pL  of  1  M  FI2SO4),  then  120  mL  of  air  was  bubbled  through  200  pL  of  0.1  M 
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NaOH  in  the  capture  chamber.  The  sample  chamber  was  tested  with  and 
without  bubbling,  and  one  set  of  samples  were  tested  using  a  smaller  sample 
chamber  size  (with  bubbling  only).  For  fluorometric  analysis  of  the  capture 
chamber,  200  pL  of  each,  0.5  mM  NDA,  and  12.5  mM  taurine,  were  added  and 
fluorometric  analysis  was  performed  using  the  miniature  sensor.  The  new 
placement  of  the  air  inlet  produced  31%  cyanide  recovery  with  15.9%  RSD.  This 
indicates  that  increased  recovery  without  bubbling  through  the  sample  solution  is 
possible  and  confirms  that  HCN  gas  is  located  near  the  surface  of  the  sample 
solution  within  the  sample  chamber.  These  design  changes  may  yield  higher 
cyanide  recovery  and  precision  once  they  are  incorporated  in  the  bubble 
cartridge. 
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Figure  11.3.6.  The  cyanide  sensor  prototypes:  A)  the  front,  top  view  of  the  both 
the  original  sensor  and  the  miniature  sensor;  B)  the  response  for  no  exposure; 
and  C)  the  flashing  response  for  exposure. 
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Figure  11.3.7.  Experimental  configuration  for  determination  of  the  location  of 
HCN  gas  within  the  side-by-side  cyanide  capture  apparatus. 
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Air  Flow  without  Bubbling 


Air  Flow  with  Bubbling 
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Figure  11.3.8.  Schematic  for  the  experimental  configurations  used  in  the  attempt 
to  increase  cyanide  recovery. 
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Figure  11.3.9.  Schematic  for  the  experimental  configurations  used  in  the 
rearrangement  of  the  air  inlet. 


11.3.3.  CONCLUSION 
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A  smaller,  more  portable  miniaturized  sensor  was  manufactured  by 
teamwork  between  our  laboratory,  the  electrical  engineers  at  Midwest  Micro-Tek 
and  the  print  technicians  at  Falcon  Plastics.  Initially  it  was  thought  that  loss  of 
HCN  gas  to  the  atmosphere  was  the  cause  of  poor  cyanide  recovery,  but  data 
indicates  that  HCN  gas  was  not  being  transferred  from  the  sample  chamber  to 
the  capture  chamber.  The  use  of  a  smaller  volume  sample  chamber,  larger 
volume  of  air  and  bubbling  the  sample  solution  aid  in  the  increased  recovery  of 
cyanide  up  to  79%.  Experiments  using  blood  as  the  sample  matrix  indicate  that 
bubbling  is  not  plausible  for  the  side-by-side  cyanide  capture  apparatus  because 
it  causes  sample  solution  to  transfer  to  the  capture  chamber;  however,  the 
rearrangement  of  the  air  inlet  indicates  that  increased  recovery  without  bubbling 
through  the  sample  solution  is  possible  and  confirms  that  HCN  gas  is  located 
near  the  surface  of  the  sample  solution  within  the  sample  chamber.  This  new 
information  is  currently  being  applied  to  design  modifications  for  the  bubble 
cartridge. 
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SECTION  II 


EVALUATE  NOVEL  MARKERS  OF  CYANIDE  EXPOSURE  TO  DETERMINE 
THE  MOST  APPROPRIATE  CYANIDE  EXPOSURE  MARKER 


CHAPTER  4 

ANALYSIS  OF  CYANIDE  AND  THIOCYANATE  BY  GC-MS 
Raj  K.  Bhandari  and  Brian  A.  Logue 


11.4.  The  effort  for  this  portion  of  the  report  was  published  as  a  peer-reviewed 
manuscript,  which  is  attached  as  Appendix  II. 
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CHAPTER  5 


TOXICOKINETICS  OF  CYANIDE,  THIOCYANATE  AND  ATCA  BY  GC-MS 


Raj  K.  Bhandari  and  Brian  A.  Logue 


11.5.  The  effort  for  this  portion  of  the  report  was  published  as  a  peer-reviewed 
manuscript,  which  is  attached  as  Appendix  III. 
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CHAPTER  6 


SIMULTANEOUS  DETERMINATION  OF  CYANIDE  AND  THIOCYANATE  BY 

LC'MS-MS 

Raj  K.  Bhandari  and  Brian  A.  Logue 


11.6.  The  effort  for  this  portion  of  the  report  was  published  as  a  peer-reviewed 
manuscript,  which  is  attached  as  Appendix  IV. 
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CHAPTER  7 


DETERMINATION  OF  THE  CYANIDE  ADDUCT  OF  GLUTATHIONE  BY  HIGH 
PERFORMANCE  LIQUID  CHROMATOGRAPHY 
Wenhui  Zhou,  Robert  P.  Oda  and  Brian  A.  Logue 

11.7.1.  INTRODUCTION 

Glutathione  (GSH)  is  the  primary  intra-cellular  reducing  agent,  and  is 
active  in  many  metabolic  processes,  including  the  detoxification  of  xenobiotics 
and  removal  of  peroxides^  In  maintaining  the  oxidative  state  of  the  cell, 
glutathione  reduces  disulfides  to  thiols,  while  becoming  oxidized  to  the 
glutathione  homo-disulfide  (or  glutathiol,  GSSG).  Although  intra-cellular  levels  of 
glutathione  may  range  from  1-10  mM,  the  extra-cellular  levels  are  low^’^.  Within 
blood,  most  of  the  glutathione  is  contained  within  the  erythrocytes,  where  it  may 
reach  mM  concentrations^'"^.  However,  circulating  extra-cellular  GSSG 
concentrations  may  be  as  high  as  200  pM  in  plasma,  while  glutathione  levels  are 
in  the  2-5  pM  range^'"^.  The  detoxification  of  cyanide  with  GSH  or  GSSG  may  be 
a  first-line  defense  against  cyanide  intoxication,  as  studies  have  demonstrated  a 
reduced  toxicity  of  cyanide  in  glutathione  and  glutathione-disulfide-pretreated 
mice^.  Although  the  mechanism  of  toxic  reduction  is  unknown,  it  is  possible  that 
the  reaction  of  cyanide  with  circulating  GSH  or  GSSG  might  reduce  the 
availability  of  cyanide  to  produce  cellular  toxicity. 

Protein-bound  thiocyanate  ion  was  released  from  serum  proteins  following 
reaction  with  cyanide®’^,  which  demonstrated  that  the  disulfide  bond  would  react 
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with  cyanide  under  alkaline  conditions.  GSSG  might  react  with  cyanide,  since  it 
contains  a  reactive  disulfide  bond.  Therefore,  we  investigated  the  possibility  of  a 
non-enzymatic  cyanide  reaction  with  GSH  and/or  GSSG,  producing  adduct(s) 
which  might  serve  as  a  bio-marker(s)  for  cyanide  exposure. 

Cyanamide  was  used  to  create  a  possible  GS-CN  adduct  analogous  to  the 
reaction  by  Nagasawa®  to  create  ATCA  from  cysteine  for  use  as  a  standard 
compound.  Possible  adducts  from  the  reaction  of  GSH  with  cyanamide  are 
depicted  in  Figure  11.7.1.  Possible  products  from  the  reaction  of  GSSG  with  CN 
are  depicted  in  Figure  1 1. 7.2.  It  should  be  noted  that  the  initial  products  from  the 
reaction  depicted  in  Figure  II. 7.2  could  undergo  the  rearrangements  pictured  in 
Figure  II. 6-1. 
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Figure  11.7.1.  Reaction  scheme  for  the  condensation  of  cyanamide  with  reduced 
glutathione  (GSH),  and  possible  rearrangement  of  the  initial  product. 
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Figure  11.7.2.  Reaction  scheme  for  the  addition  of  cyanide  to  oxidized 
glutathione  (GSSG),  and  possible  products. 


11.7.2  EXPERIMENTAL 

II.  7. 2. 1.  Reagents  and  Materials 
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All  reagents  were  at  least  reagent  grade.  Sodium  cyanide  (NaCN), 
sodium  phosphate  salts,  and  methanol  (HPLC  grade)  were  purchased  from 
Fisher  Scientific  (Fair  Lawn,  NJ,  USA).  Glutathione  (reduced,  GSFI),  ammonium 
formate,  Ellman’s  reagent,  ninhydrin,  monobromobimane,  and  sodium  carbonate 
were  products  of  Sigma-Aldrich  (St.  Louis,  MO,  USA).  LC/MS  grade  formic  acid 
and  Ellman’s  Reagent  [5,  5’-dithio-bis(2-nitrobenzoic  acid)]  were  purchased  from 
Thermo  Scientific  (Rockford,  IL,  USA).  Reverse-osmosis  water  was  passed 
through  a  polishing  unit  and  had  a  conductivity  of  18.2  M-Q. 

Oxidized  glutathione  (glutathiol,  GSSG)  was  produced  by  taking  50  mL  of 
a  1  mM  solution  of  glutathione  (GSM)  in  0.1  M  phosphate  buffer,  pH  7.27,  and 
adding  5  mL  3%  hydrogen  peroxide  drop-wise  over  several  minutes  with 
constant  stirring.  The  lack  of  reaction  with  Ellman’s  reagent  was  used  as  an 
indicator  for  completion  of  the  reaction.  In  later  experiments,  GSH  (61 .4  mg;  200 
mmoles)  was  dissolved  in  10  ml  water  to  which  15  drops  of  3%  hydrogen 
peroxide  was  added  over  several  minutes  with  constant  stirring. 

11. 7.2.2.  Preparation  of  Cyanide  Adducts 

Aliquots  (1  mL  of  1  mM  solution)  of  glutathione  or  glutathione-disulfide  in 
phosphate  buffer  (pH  7.27),  borate  buffer  (pH  8.3  and  9.25),  or  sodium  carbonate 
(pH  10.6)  were  mixed  with  a  cyanide  solution  in  a  1:10  or  1:20  molar  ratio  to 
present  a  ten-fold  molar  excess  ratio  of  cyanide  to  sulfur  and  allowed  to  react  for 
up  to  2  hours  at  room  temperature.  The  reaction  mixtures  were  assayed  for  the 
presence  of  CN-adducts  by  HPLC.  The  high  salt  content  of  the  reaction  mixture 
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required  the  samples  to  be  diluted  or  dialyzed  to  reduce  the  salt  load  onto  the 
HPLC  column.  This  was  best  accomplished  by  “float  dialysis”,  in  which  an 
aliquot  (200  pL)  of  reaction  mixture  was  placed  on  a  0.2  p  47  mm  nylon  filtration 
membrane  (Millipore,  Billerica,  MA,  USA)  floated  on  about  20  mL  deionized 
water.  After  10  minutes  of  dialysis,  the  residual  sample  was  filtered  through  a 
0.2  p  filter  into  a  150  pL  insert  in  a  2  mL  vial,  capped,  and  analyzed  by  HPLC. 

11.7.2.3.  Assay  of  Free  Thiols  with  Ellman’s  Reagent  ^ 

An  aliquot  of  sample  (0.1  mL)  was  mixed  with  an  equal  volume  of  0.1  M 
sodium  phosphate  buffer,  pH  7.27,  to  which  was  added  0.1  mL  Ellman’s  reagent 
(5,  5’-dithio-bis(2-nitrobenzoic  acid),  1.7  mM)  in  phosphate  buffer,  pH  7.27, 
containing  0.1  mM  EDTA.  The  yellow  product  was  analyzed  at  412  nm. 

11.7.2.4.  Mass  Spectrum  Analysis 

A  Thermoquest  Finnigan  LCQ  Deca  Mass  Spectrometer  (Thermo 
Scientific,  Waltham,  MA,  USA)  with  a  turbo  electrospray  ion  source  was  used  to 
screen  the  GSH  -cyanamide  and  GSSG-cyanide  reactions  for  products.  A  5500 
Q-Trap  (Applied  Biosystems,  Foster  City,  CA,  USA)  was  used  for  MS-MS 
analysis  of  presumed  cyano-adducts.  Samples  from  the  original  reaction 
mixtures  and  various  extraction  solutions  and  collected  fractions  were  analyzed 
as  appropriate. 

11.7.2.4.  Reverse  Phase-High  Performance  Liquid  Chromatography 
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HPLC  analysis  was  performed  on  an  Agilent  1200  HPLC  system 
consisting  of  a  quaternary  pump,  auto-sampler,  vacuum  degasser,  multi¬ 
wavelength  detector,  and  a  fluorescence  detector  (Agilent  Technologies, 
Wilmington,  DE,  USA).  A  Discovery  Bio  wide  pore  C-18  column  (150  mm  x  2.1 
mm  i.d.;  5-pm  particle  size;  Supelco,  Bellfonte,  PA,  USA)  and  a  mobile  phase 
containing  0.1%  formic  acid  (Pierce  Chemical,  Rockforf,  IL,  USA)  was  used  to 
separate  the  analytes  at  a  flow  rate  of  0.350  mL/min.  0.1%  Formic  acid  in 
methanol  was  used  in  a  gradient  elution  from  10%  (held  for  1  min),  linearly 
increased  to  100%  over  21  min  and  held  for  2  min.  The  mobile  phase  was  then 
linearly  converted  to  the  initial  composition  over  2  min  and  subsequently  held  for 
2  min  prior  to  the  next  analysis.  A  multi-wavelength  detector  monitored 
absorbance  at  270  nm. 

In  later  experiments  a  Zorbax  C-18  column  (150  mm  x  4.6  mm  i.d.;  5-pm 
particle  size;  Agilent  Technologies,  Wilmington,  DE,  USA)  with  a  flow  rate  of  1 .00 
mL/min  were  used.  The  mobile  phase  consisted  of  1  mM  ammonium  formate, 
pH  4.0  in  water.  Methanol  containing  1  mM  ammonium  formate,  pH  4.0  was 
used  in  a  gradient  elution  from  0%  (held  for  3  min),  linearly  increased  to  20% 
over  2  min,  to  40%  over  10  min,  to  100%  over  2  min  and  held  at  100%  for  3  min. 
The  mobile  phase  was  then  linearly  decreased  to  the  initial  composition  over  2 
min  and  subsequently  held  for  3  min  prior  to  the  next  analysis.  A  multi¬ 
wavelength  detector  monitored  absorbance  at  230  and/or  270  nm.  Fluorescent 
monobromo-bimane  reaction  products  were  excited  at  390  nm  and  the  emission 
was  monitored  at  490  nm. 
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11.7.3.  RESULTS  AND  DISCUSSION 


A  glutathione  adduct  was  prepared  by  a  procedure  adapted  from 
Nagasawa®.  GSH  (3  g)  was  mixed  with  0.822  g  sodium  bicarbonate,  and  placed 
under  a  nitrogen  atmosphere.  Cyanamide  (0.4287  g)  and  water  (15  mL)  were 
added  to  dissolve  the  mixture,  and  the  mixture  refluxed  for  five  hours.  The 
reaction  mixture  was  separated  by  using  a  normal-phase  silica  gravity  column. 
Different  chloroform/methanol  solvent  mixtures  from  0%  to  100%  were  used  to 
elute  compounds  from  the  column.  A  mobile  phase  of  50%  methanol  in  water 
was  then  used  to  elute  highly  polar  compounds.  Fractions  were  collected  and 
analyzed  by  HPLC.  The  peak  at  3.87  minutes  in  the  chromatogram  of  the 
reaction  mixture  in  Figure  2.6-3  was  presumed  to  be  main  product  from  the  GSH- 
cyanamide  reaction.  Fraction  8,  from  20%  methanol  in  chloroform,  has  a  single 
peak  which  eluted  at  1.72  minutes  (Figure  11.7.3),  was  presumed  to  be  unreacted 
GSH  by  comparison  of  the  retention  time  of  an  aqueous  solution  of  GSH. 
Fractions  11  and  12  were  eluted  by  50%  methanol  in  water.  Fraction  11 
displayed  two  early  eluting  peaks  (Figure  11.7.4)  which  appear  to  be  GSSG  and 
GSH  by  comparison  of  retention  times  with  standard  aqueous  solutions.  Fraction 
12  has  two  peaks.  The  first  peak  (1.5  min)  elutes  with  the  retention  time  of  GSSG. 
The  second  peak  which  eluted  at  3.37  minutes  may  be  the  desired  product 
(Figure  11.7.4),  but  did  elute  prior  to  the  peak  identified  in  the  reaction  mixture. 
More  work  must  be  done  to  identify  this  peak. 
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Figure  11.7.3.  Overlaid  HPLC  chromatograms  of  a  reagent  blank,  the  reaction 
mixture  from  GSH  and  cyanamide,  and  Fraction  8  eluted  by  20%  methanol  in 
chloroform  solvent  from  the  silica  column.  HPLC  conditions:  Column:  Zorbax  C- 
18,  4.6  X  150  mm;  Mobile  phase:  ImM  ammonium  formate  in  water/  methanol; 
Flow:  1.0  mL/  min;  Detection:  270  nm. 
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Figure  11.7.4.  Overlaid  HPLC  chromatograms  of  a  reagent  blank,  the  reaction 
mixture  from  GSH  and  cyanamide,  and  Fractions  11  and  22  eluted  by  50% 
methanol  in  water  from  the  silica  column.  HPLC  conditions:  Column:  Zorbax  C- 
18,  4.6  X  150  mm;  Mobile  phase:  ammonium  formate  (1  mM)  in  water/methanol; 
Flow:  1.0  mL/  min;  Detection:  270  nm. 


Swine  plasma  (1  mL)  was  spiked  with  6.5  mg  KCN  and  65.2  mg  KCN 
separately  to  form  10  mM  and  100  mM  cyanide-spiked  plasma.  After  a  couple  of 
hours’  reaction,  acetone  (3  mL)  was  added  to  the  sample  to  precipitate  proteins, 
and  the  sample  kept  at  4°C  for  15  minutes.  The  samples  were  then  centrifuged 
for  10  minutes  at  10,000  RPM  (9.6x10^  x  g),  the  supernatants  were  removed  and 
dried  with  N2  gas,  and  reconstituted  with  2  mL  buffer  (1%  NH4CCCH  in  water). 
Samples  were  then  filtered  (0.22  pm  PVDF  filter)  and  analyzed  by  LC-MS. 


40 


High-performance  liquid  chromatography-tandem  mass  spectrometry 
(UHPLC-MS)  conducted  on  a  Shimadzu  HPLC  (LC-20AD,  Shimadzu  Corp., 
Kyoto,  JPN)  coupled  to  an  AB  Sciex  Q-Trap  5500  MS  (Applied  Biosystems, 
Foster  City,  CA,  USA).  Samples  were  separated  by  reversed-phase  (RP) 
chromatography  using  a  Phenomenex  Synergi  4p  RP  Max  column  (2.0  x  50mm) 
(Phenomenex,  Torrance,  CA,  USA)  as  a  stationary  phase.  A  mobile  phase 
containing  1  mM  ammonium  formate  (Sigma-Aldrich,  St.  Louis,  MO,  USA)  was 
used  at  a  flow  rate  of  0.25  mL/min.  Methanol  was  used  in  a  gradient  elution  from 
0%  (held  for  3  min),  linearly  increased  to  20%  over  2  min,  to  40%  over  10  min,  to 
100%  over  2  min  and  held  at  100%  for  3  min.  The  mobile  phase  was  then  linearly 
decreased  to  the  initial  composition  over  2  min  and  subsequently  held  for  3  min 
prior  to  the  next  analysis. 

Mass  spectrometry  was  used  to  assess  if  there  was  a  putative  product  in 
the  reaction  mixture.  The  spectra  of  the  reaction  mixtures  of  cyanide-spiked 
plasma  (10  pM  and  100  pM)  are  pictured  in  Figure  11.7.5.  The  peaks  at  m/z  = 
213  and  279  from  the  100  mM  reaction  mixture  were  higher  than  those  in  the  10 
mM  solution  and  are  presumed  to  be  the  putative  product(s)  of  the  reaction. 
Further  analysis  is  required  to  confirm  the  identity  of  these  peaks.  Possible 
structures  for  the  presumed  products  are  depicted  in  Figure  II. 7. 6a  and  b. 
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Figure  11.7.5.  Overlaid  mass  spectra  of  the  cyanide-spiked  plasma  reaction 
mixtures.  100  mM  CN  (red)  ,  10  mM  CN  (green)  and  a  plasma  blank  (blue).  AB 
Sciex  Q-trap  5500  Mass  Spectrometer  in  positive  ion  mode  with  an  ESI  source. 
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Figure  ll.7.6a.  Possible  structure  for  the  observed  m/z  =  279  fragment. 
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Chemical  Formula:  CNS^ 
Exact  Mass:  57.98 
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Figure  II. 7. 6b.  Possible  structures  for  the  m/z  =  213  fragment. 


For  the  determination  of  the  glutathione-cyanide  adducts,  there  are 
numerous  by-  products  from  the  reaction  which  make  the  interpretation  of 
structural  and  chromatographic  information  difficult.  The  use  of  the  LC-MS 
should  enable  the  putative  adducts  to  be  resolved  and  characterized. 
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The  person  most  responsible  for  this  project  has  left  the  laboratory. 


Therefore,  minimal  progress  was  made  on  this  project. 
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CHAPTER  8 


DETERMINATION  OF  THE  CYANIDE  METABOLITE  A-KETOGLUTARATE 
CYANOHYDRIN  BY  LIQUID  CHROMATOGRAPHY  TANDEM  MASS- 

SPECTROMETRY 

Brendan  L.  Mitchell  and  Brian  A.  Logue 
11.8.  The  effort  for  this  portion  of  the  report  was  published  as  a  peer-reviewed 
manuscript,  which  is  attached  as  Appendix  V. 
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CHAPTER  9 


TOXICOKINETIC  PROFILE  OF  a-KETOGLUTARATE  CYANOHYDRIN 
Brendan  L.  Mitchell  and  Brian  A.  Logue 
11.9.  The  effort  for  this  portion  of  the  report  was  published  as  a  peer-reviewed 
manuscript,  which  is  attached  as  Appendix  VI. 
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SECTION  III 


DEVELOP  ASSAYS  FOR  CYANIDE  THERAPEUTICS 

CHAPTER  10 

DETERMINATION  OF  DMTS  BY  GC-MS 
Wenhui  Zhou  and  Brian  A.  Logue 

111.10.1.  INTRODUCTION 

Cyanide  has  figured  as  a  prominent  human  toxicant  over  the  years  as  a 
result  of  both  accidental  and  intentional  exposure.  Within  the  purview  of  cyanide 
detoxification,  DMTS  was  shown  to  effectively  function  as  sulfur  donor  for 
rhodanese  in  vitro\  In  addition,  it  was  demonstrated  that  DMTS  by  itself  is  a  very 
efficient  converter  of  cyanide  to  thiocyanate  Compared  with  current  cyanide 
therapeutics  which  have  some  disadvantages,  DMTS  is  safer  and  more  efficient 
with  good  lipophilicity.  So  far,  there  is  no  published  method  to  determine  DMTS 
in  biofluids.  Thus,  an  assay  for  detecting  DMTS  in  blood  would  be  necessary 
should  it  become  useful  as  a  therapeutic  agent. 

111.10.2.  EXPERIMENTAL 

All  reagents  were  at  least  reagent  grade.  Methanol  (LC-MS  grade)  was 
purchased  from  Fisher  Scientific  (Fair  Lawn,  NJ,  USA).  Reverse-osmosis  water 
was  passed  through  a  polishing  unit  (Lab  Pro,  Labconco,  Kansas  City,  KS,  USA) 
and  had  a  conductivity  of  18.2  MQ-cm.  Dimethyl  trisulfide  (DMTS)  was  a  product 
of  Sigma-Aldrich  (St.  Louis,  MO,  USA).  Dimethyl  disulfide  (DMDS)  was  a 
product  of  Alfa  Aesar  (Ward  Hill,  MA,  USA). 
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Analysis  was  performed  by  headspace  on  an  Agilent  GC-MS  system 
(Agilent  Technologies,  Wilmington,  DE,  USA)  consisting  of  a  6890N  series  gas 
chromatograph,  a  5975  series  mass  detector,  and  a  Gerstel  MRS  sampler 
(Gerstel  Inc.,  Linthicum,  MD,  USA).  A  DB5-MS  bonded-phase  column  (30  m  x 
0.25  mm  I.D.,  0.25  pm  film  thickness;  J&W  Scientific,  Folsom,  CA,  USA)  was 
used  with  nitrogen  as  the  carrier  gas  at  a  flow  rate  of  1 .0  mL/min  and  a  column 
head  pressure  of  10.0  psi.  An  aliquot  (100  pL)  of  solution  containing  DMTS  was 
placed  in  a  20  mL  headspace  vial  with  a  Teflon-lined  septum.  The  vial  was 
incubated  at  1 15  °C  for  up  to  5  min,  before  a  100  pL  sample  was  withdrawn.  The 
auto-sampler  injected  a  100  pL  headspace  sample  into  the  splitless  injection  port 
which  was  held  at  120  °C.  A  deactivated,  straight-through  glass  inlet  liner 
packed  with  about  1  cm  of  glass  wool  was  used.  The  GC  oven  temperature  was 
initially  held  at  30  °C  for  2  min,  then  elevated  at  a  rate  of  15  °C/min  up  to  120  °C. 
The  gradient  was  increased  to  120  °C/min  up  to  300  °C  where  it  was  held 
constant  for  1.5  min,  before  returning  to  the  initial  temperature.  The  injection 
syringe  temperature  was  115  °C.  The  GC  was  interfaced  with  a  mass  selective 
detector  with  electron  ionization.  Selective-ion-monitoring  (SIM)  mode  was  used, 
detecting  ions  with  m/z  of  79,  94,  111,  and  126.  DMTS  was  identified  at  m/z  = 
126/111  and  DMDS  by  m/z  =  94/79. 

In  an  initial  experiment,  DMTS  was  spiked  into  rabbit  plasma.  An  aliquot 
of  plasma  (900  pL)  was  spiked  with  100  pL  DMTS  (in  methanol)  to  make  a  final 
concentration  of  1  mM.  An  aliquot  (100  pL)  was  taken  for  assay  by  GC/MS 
headspace. 
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111.10. 2. 1.  DMTS  Analysis  by  TDU 

An  aliquot  (100  qL)  of  solution  containing  DMTS  was  placed  in  a  20  mL 
headspace  vial  with  a  Teflon-lined  septum.  The  vial  was  incubated  at  115  °C  for 
up  to  1  min,  the  septum  was  punctured  using  dual  needles  and  nitrogen  was 
delivered  through  the  headspace  of  the  vial.  The  use  of  the  dual  needle 
configuration  enables  DMTS  to  be  trapped  by  a  TDU  tube  filled  with  adsorptive 
material  (Tenax®).  A  dry  purge  technique  was  used  to  remove  water  from  the 
TDU  tube.  The  tube  was  inserted  into  the  TDU  injection  source  and  heated  from 
60  °C  to  250  °C  at  720  °C/min.  The  DMTS  was  desorbed  from  the  adsorptive 
material  and  transferred  to  the  GC  column  using  a  cooled  injection  system  (CIS) 
PTV-type  inlet,  whose  initial  temperature  was  set  at  30  °C.  Cooling  of  the  CIS 
with  liquid  nitrogen  was  attempted  but  found  to  be  unnecessary  for  DMTS. 

For  GC,  a  DB5-ms  bonded-phase  column  (30  m  x  0.25  mm  I.D.,  0.25  pm 
film  thickness;  J&W  Scientific,  Folsom,  CA,  USA)  was  used  with  nitrogen  as  the 
carrier  gas  at  a  flow  rate  of  1.0  mL/min  and  a  column  head  pressure  of  10.0  psi. 
The  GC  oven  temperature  was  initially  held  at  30  °C  for  1  min,  then  elevated  at  a 
rate  of  30  °C/min  up  to  120  °C.  The  gradient  was  increased  at  120  °C/min  up  to 
250°C  where  it  was  held  constant  for  1  min,  before  returning  to  the  initial 
temperature.  The  injection  syringe  temperature  was  115  °C.  The  GC  was 
interfaced  with  a  mass  selective  detector  with  electron  ionization.  Selective-ion¬ 
monitoring  (SIM)  mode  was  used,  detecting  ions  with  m/z  of  79,  94,  111,  and 
126.  DMTS  was  identified  at  m/z  =  126/111  and  DMDS  by  m/z  =  94/79. 

111.1 0.2.2.  Finalized  Experimental  for  DMTS  by  GC-MS 
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Analysis  was  performed  by  dynamic  headspace  on  an  Agilent  GC-MS 
system  (Agilent  Technologies,  Wilmington,  DE,  USA)  consisting  of  a  6890N 
series  gas  chromatograph,  a  5975  series  mass  detector,  and  a  Gerstel  MRS 
sampler  (Gerstel  Inc.,  Linthicum,  MD,  USA).  An  aliquot  (100  pL)  of  solution 
containing  DMTS  was  placed  in  a  20  mL  headspace  vial  with  a  Teflon-lined 
septum.  The  vial  was  incubated  at  115  °C  for  up  to  1  min,  the  septum  was 
punctured  using  dual  needles  and  nitrogen  is  delivered  through  the  headspace  of 
the  vial.  The  use  of  dual  needle  system  enables  to  trap  the  DMTS  to  a  TDU  tube 
filled  with  adsorptive  materials  (Tenax®  TA).  A  dry  purge  technique  was  also 
applied  (5  min)  to  the  TDU  tube  for  water  removal.  The  TDU  tube  was  inserted 
into  the  TDU  injector  and  was  heated  from  60  °C  to  250  °C  at  720  °C/min.  The 
analytes  were  desorbed  from  the  Tenax®  and  transferred  to  the  GC/MS  system 
using  a  cooled  injection  system  (CIS)  PTV-type  inlet,  whose  initial  temperature 
was  set  at  -30  °C.  The  sample  was  injected  into  the  system  by  heating  the 
cooled  injector  to  200  °C  at  12  °C/min. 

A  DB5-MS  bonded-phase  column  (30  m  x  0.25  mm  I.D.,  0.25  pm  film 
thickness;  J&W  Scientific,  Folsom,  CA,  USA)  was  used  with  nitrogen  as  the 
carrier  gas  at  a  flow  rate  of  1.0  mL/min  and  a  column  head  pressure  of  5.6  psi. 
The  GC  oven  temperature  was  initially  held  at  30  °C  for  2  min,  then  elevated  at  a 
rate  of  20  °C/min  up  to  250  °C,  where  it  was  held  constant  for  1.0  min,  before 
returning  to  the  initial  temperature.  The  injection  syringe  temperature  was  115 
°C.  The  GC  was  interfaced  with  a  mass  selective  detector  with  electron 
ionization.  Selective-ion-monitoring  (SIM)  mode  was  used,  detecting  ions  with 
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m/z  of  79,  94,  111,  and  126.  DMTS  was  identified  at  m/z  =  126/111  and  DMDS 
by  m/z  =  94/79. 

111.10.3.  RESULTS  AND  DISCUSSION 

Water  was  found  to  produce  the  lowest  detection  limit  at  10  pM  (Figure 
III. 10.1).  The  chromatogram  of  the  DMTS-spiked  blood  is  shown  in  Figure 
III. 10. 2;  DMDS  and  DMTS  eluted  at  3.94  and  6.98  minutes,  respectively,  which 
demonstrates  that  DMTS  can  be  detected  in  blood.  The  ramp  rate  of  the  GC 
oven  temperature  program  was  reset  at  30  °C  to  reduce  the  retention  time  of 
DMTS.  Compared  with  the  same  concentration  of  DMTS  in  methanol,  DMTS 
was  degraded  to  DMDS  in  blood  as  shown  in  Figure  III. 10. 2.  Overall,  a  simple 
GC/MS  headspace  method  for  the  analysis  of  DMTS  from  biological  fluids  was 
developed;  however,  further  optimization  is  necessary  to  obtain  a  lower 
detection  limit  of  DMTS. 
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Figure  III. 10.1.  Overlaid  chromatograms  of  10  gM  DMTS  (blue)  and  a  methanol 
blank  (red). 
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Figure  III.10.2.  Overlaid  chromatograms  of  1  mM  DMTS  (purple),  DMTS-spiked 
blood  (green)  and  a  blood  blank  (red). 

111.10.3.1.  Optimization  of  TDU  Capture  Temperature 

The  current  method  shows  that  DMTS  can  be  detected  from  aqueous 
solution  with  DHS-GC/MS.  DMTS  eluted  at  5.57  minutes  was  shown  in  Figure 
111.10.3.  The  ramp  rate  of  the  GC  oven  temperature  program  was  reset  at  30  °C 
to  reduce  the  retention  time  of  DMTS.  By  using  the  same  concentration  of  DMTS 
in  water  (100  pM),  an  initial  CIS  temperature  at  0°C  was  found  to  be  the  ideal 
temperature  for  analyte  capture  (Figure  III. 10.4).  Overall,  a  simple  DHS/GC/MS 
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headspace  method  for  the  analysis  of  DMTS  was  developed;  however,  further 
optimization  is  necessary  to  obtain  a  lower  detection  limit  for  DMTS. 
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Figure  III. 10.3.  Overlaid  chromatograms  of  100  pM  DMTS  (red)  and  a  water 
blank  (blue). 
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Figure  III. 10.4.  Average  peak  area  of  100  pM  DMTS  by  using  different  initial  CIS 
temperature. 


III.1 0.3.2.  Optimization  of  parameters  for  LOD 

By  evaluating  an  aqueous  DMTS  standard  multiple  times,  the  ideal 
parameters  for  analyte  capture  (Figures  III. 10. 5  to  7)  were  an  incubation  time  of  1 
minute,  a  transfer  heater  temperature  at  50  °C,  and  an  agitator  temperature  of 
110  °C.  The  optimized  DHS/GC/MS  method  produced  a  detection  limit  of  0.8  pM 
in  water.  The  chromatogram  of  DMTS  at  its  detection  limit  (0.8  pM)  is  shown  in 
Figure  II.4.2-4;  DMTS  eluted  at  4.66  minutes.  The  ramp  rate  of  the  GC  oven 
temperature  program  was  reset  at  30  °C  to  reduce  the  retention  time  of  DMTS. 
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Overall,  a  simple  DHS/GC/MS  headspace  method  for  the  analysis  of  DMTS  in 
water  was  developed. 

It  was  found  that  either  1  minute  or  2  minutes  was  ideal  incubation  time  for 
DMTS  analysis  since  they  produced  bigger  average  peak  area  (Figure  11.4.2-1). 
One  minute  was  selected  finally  to  minimize  analysis  time. 
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Figure  III.10.5.  Average  peak  area  of  100  pM  DMTS  by  using  different 
headspace  incubation  time. 

It  was  found  that  50  °C  was  the  ideal  transfer  heater  temperature 
according  to  the  average  peak  area  (Figure  III. 10. 6). 
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Figure  III. 10.6.  Average  peak  area  of  100  pM  DMTS  by  using  different  transfer 
heater  temperature  of  DHS. 


It  was  found  that  110  °C  was  the  ideal  agitator  temperature  according  to 
the  average  peak  area  (Figure  III. 10. 7). 
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Figure  III. 10.7.  Average  peak  area  of  100  pM  DMTS  by  using  different  agitator 
temperature. 


It  was  found  that  0.8  pM  was  the  detection  of  limit  of  DMTS  in  water 
(Figure  III. 10.8). 
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Figure  III. 10.8.  Overlaid  chromatograms  of  0.8  gM  DMTS  (blue)  and  a  water 
blank  (red). 


III.1 0.3.3.  Determination  of  DMTS  from  whoie  biood 

The  current  method  shows  that  DMTS  can  be  detected  by  DHS/GC/MS 
with  good  sensitivity.  The  limit  of  detection  from  aqueous  samples  was  found  to 
be  0.5  pM  (Figure  III. 10.8).  Chromatograms  of  DMTS-spiked  blood  are  shown  in 
Figure  III. 10.2;  DMTS  eluted  at  4.45  minutes,  and  demonstrates  that  DMTS  can 
be  detected  from  whole  blood.  By  altering  the  incubation  temperature  for  the 
headspace  analysis,  130  °C  was  found  to  be  optimal,  resulting  in  the  largest 
peak  area  for  DMTS.  The  detection  limit  from  whole  blood  was  decreased  to  10 
pM. 
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utilizing  the  optimized  conditions  for  analysis  from  whole  blood,  a 
concentration  curve  was  found  to  be  non-linear.  Therefore,  we  utilized  an 
isotope-labelled  internal  standard,  DMTS-de,  to  correct  for  analytical  variance. 
Plotting  the  peak  area  ratios  of  the  DMTS  divided  by  the  internal  standard  peak 
area  resulted  in  a  linear  concentration  range  of  over  two  orders  of  magnitude. 

III.10.4  CONCLUSIONS 

Overall,  a  simple  DHS/GC/MS  headspace  method  for  the  analysis  of 
DMTS  was  developed.  Sensitivity  of  the  detection  of  DMTS  is  increased  by 
optimizing  the  DHS/GC-MS  method.  Detection  of  limit  of  DMTS  in  water  is  0.8 
pM.  The  limit  of  detection  from  aqueous  medium  was  0.5  pM.  However,  the  limit 
of  detection  from  whole  blood  was  much  higher  at  10  pM.  Further  optimization 
may  result  in  a  lower  detection  limit  for  DMTS  from  whole  blood. 
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CHAPTER  11 


DETERMINATION  OF  DMTS  BY  LC-MS-MS 
Erica  Manandhar,  Wenhui  Zhou,  and  Brian  A.  Logue 

111.11. 1.  INTRODUCTION 

Cyanide  has  figured  as  a  prominent  human  toxicant  over  the  years  as  a 
result  of  both  accidental  and  intentional  exposure.  Within  the  purview  of  cyanide 
detoxification,  DMTS  was  shown  to  effectively  function  as  sulfur  donor  for 
rhodanese  in  vitro\  In  addition,  it  was  demonstrated  that  DMTS  by  itself  is  a  very 
efficient  converter  of  cyanide  to  thiocyanate  Thus,  an  assay  for  detecting 
DMTS  would  be  necessary  should  it  become  useful  as  a  therapeutic  agent. 

The  motivation  for  this  project  is  to  develop  a  high  performance  liquid 
chromatography-tandem  mass  spectrometry  (HPLC-MS-MS)  method  to  analyze 
dimethyl  trisulfide  (DMTS),  a  potential  novel  antidote  for  cyanide  poisoning. 
Dimethyl  trisulfide  functions  as  a  sulfur  donor  converting  cyanide  to  a  less  toxic 
thiocyanate.  Classical  sulfur  donor  antidotes  (i.e.,  thiosulfate)  require  the  help  of 
a  sulfur  transferase  enzyme,  namely  rhodanese,  to  transfer  its  sulfur  to  cyanide. 
However,  due  to  its  limited  lipophilicity,  thiosulfate  is  not  very  efficient  at  reaching 
the  endogenous  rhodanese  enzyme^’^,  which  is  primarily  located  in  the 
mitochondria.  Unlike  the  conventional  sulfur  donors  that  require  sulfur 
transferase  enzymes  to  catalyze  detoxification  of  cyanide,  DMTS  is  capable  of 
functioning  on  its  own  without  the  need  of  rhodanese^'^.  Currently,  there  is 
limited  published  literature  on  the  analysis  of  DMTS.  Therefore,  an  analytical 
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method  to  detect  and  analyze  DMTS  is  vital  for  it  to  become  available  as  a 
therapeutic  agent  for  cyanide  poisoning. 

Initially,  DMTS  was  analyzed  as  adducts  with  sodium  bromide,  and 
propionic  acid.  However,  due  to  instability  of  the  adducts  formed,  these 
approaches  did  not  lead  to  reproducible  or  productive  results.  Therefore,  it  was 
decided  that  DMTS  could  be  analyzed  as  a  more  stable  oxidized  product  formed 
from  the  oxidation  reaction  between  hydrogen  peroxide  and  DMTS  in  presence 
of  acetic  acid^. 

Next,  DMTS  was  oxidized  using  peroxide  in  the  presence  of  8M  acetic 
acid.  However,  due  to  practical  limitations  of  the  column,  the  reaction  mixture 
containing  concentrated  acetic  acid  and  peroxide  could  not  be  directly  injected 
into  the  HPLC  system.  Upon  investigating  methods  to  isolate  the  product  from 
the  reaction  mixture,  it  was  found  that  drying  or  quenching  processes  would 
compromise  recovery  of  the  product.  Extraction  experiments  using  different 
organic  solvents  showed  that  ethyl  acetate  was  capable  of  extracting  the  product 
from  an  aqueous  mixture.  However,  miscibility  of  acetic  acid  and  ethyl  acetate 
posed  a  problem  in  using  ethyl  acetate  as  an  extracting  solvent  in  presence  of 
acetic  acid.  Therefore,  in  order  to  use  the  extraction  step,  the  oxidation  reaction 
was  tested  with  different  mineral  acids. 

III. 11. 2.  EXPERIMENTAL 

All  reagents  were  at  least  reagent  grade.  Methanol  (LC-MS  grade)  was 
purchased  from  Fisher  Scientific  (Fair  Lawn,  NJ,  USA).  Reverse-osmosis  water 
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was  passed  through  a  polishing  unit  (Lab  Pro,  Labconco,  Kansas  City,  KS,  USA) 
and  had  a  conductivity  of  18.2  MQ-cm.  Dimethyl  trisulfide  (DMTS)  was  a  product 
of  Sigma-Aldrich  (St.  Louis,  MO,  USA).  30%  Hydrogen  peroxide,  chloroform 
(HPLC  grade),  sulfuric  acid,  nitric  acid,  and  hydrochloric  acid  were  purchased 
from  Fisher  Scientific.  Glacial  acetic  acid  and  ethyl  acetate  are  products  of  Acros 
Organics  (Morris  Plains,  NJ,  USA).  Dichloromethane  was  purchased  from  Sigma 
Aldrich  (St.  Louis,  MO,  USA). 

DMTS  was  oxidized  using  T.4  molar  ratio  of  DMTS:  30%  Hydrogen 
peroxide  in  the  presence  of  glacial  acetic  acid.  The  reaction  mixture  consisted  of 
83  pL  of  pure  DMTS  solution,  396  pL  of  30%  hydrogen  peroxide  solution,  and 
1521  pL  of  glacial  acetic  acid,  such  that  the  concentration  of  DMTS,  peroxide  and 
acetic  acid  in  the  reaction  were  0.4  M,  1.3  M  and  13.2  M  respectively.  The 
reaction  was  carried  out  for  60  minutes  at  30  °C.  The  oxidized  product  was 
monitored  using  thin  layer  chromatography  (TLC),  and  then  a  10  pL  aliquot  was 
analyzed  using  high  performance  liquid  chromatography  (HPLC).  The  products 
obtained  from  the  reactions  were  diluted  to  0.5  mM  in  methanol  prior  to  analyzing 
by  HPLC. 

An  Agilent  1200  Series  HPLC  system,  and  an  Agilent  Eclipse  XDB-C18 
column  (5  pm  packing  material,  and  2.1  x  150  mm  dimensions)  were  used  for  the 
HPLC  analysis  of  the  oxidized  product.  Mobile  phases  A  (100%  water)  and  B 
(100%  methanol)  were  prepared  using  HPLC  grade  methanol  and  water,  and 
were  filtered  using  vacuum  filtration  through  a  0.45  pm  nylon  membrane  filter. 
Gradient  elution  was  performed  with  30%  B  and  linearly  increasing  mobile  phase 
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B  to  100%  over  15  minutes.  The  mobile  phase  composition  was  held  constant 
for  3  minutes,  and  was  then  linearly  decreased  to  0%  B  over  5  minutes  at  a  flow 
rate  of  0.35  mL/minute.  UV  detection  was  performed  at  280  nm. 

Reaction  conditions  such  as  temperature,  time,  and  concentration 
(peroxide  and  acetic  acid)  were  optimized.  Acetic  acid  concentrations  of  1,  2,  5, 
8,  and  13.2  M  were  tested  for  acid  optimization.  Reaction  time  and  temperature 
were  kept  constant  at  30°C  and  60  minutes.  Longer  reaction  time  (>  Ihr)  and 
higher  reaction  temperatures  (>40  °C)  were  avoided  for  the  purpose  of 
preventing  long  sample  preparation  time,  and  uncontrolled  oxidation  or 
decomposition  of  DMTS,  respectively. 

For  some  oxidation  reactions,  sodium  hydroxide  (NaOH)  was  used  to 
quench  acetic  acid  in  the  reaction  mixture.  A  4  M  NaOH  solution  was  added  to 
the  2  mL  reaction  mixture  drop  wise  until  the  pH  of  the  solution  was  neutral. 
Peroxide  quenching  for  some  reactions  was  performed  using  sodium  chloride 
(NaCI)  and  sodium  sulfite  (Na2S03).  A  400  pL  aliquot  of  1.3  M  NaCI  or  Na2S03 
was  used  for  quenching  the  residual  peroxide  in  the  2  mL  reaction  product 
mixture.  The  product  was  analyzed  by  HPLC  before  and  after  the  quenching. 

In  an  attempt  to  determine  if  drying  was  an  option  for  analysis  of  the 
oxidized  DMTS,  DMTS  and  oxidation  product  in  methanol,  100  pL  each  were 
taken  in  individual  vials  and  were  dried  under  N2  for  15  minutes,  reconstituted 
with  100  pL  of  methanol,  and  then  analyzed  by  HPLC. 

Chloroform,  dichloromethane,  hexane,  and  ethyl  acetate  were  used  to 
determine  extraction  efficiency  of  each  solvent  for  DMTS  and  oxidized  product. 
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Initially,  the  reaction  was  performed  at  0.4  M  DMTS,  1.3  M  hydrogen  peroxide, 
and  13.2  M  acetic  acid  for  60  mins  at  30  °C.  Assuming  that  all  of  the  DMTS  was 
converted  to  product,  the  product  was  first  diluted  to  10  mM  in  methanol,  and 
then  to  1  mM  in  water.  A  300  pL  aliquot  of  the  reaction  product  was  transferred 
to  a  4  mL  vial,  to  which  200  pL  of  organic  solvent  was  added.  The  mixture  was 
vortexed  for  1  min  and  allowed  to  settle  for  3  mins.  The  organic  layer  was 
removed,  and  a  2^^^^  extraction  was  performed  for  each  sample  by  further  adding 
200  pL  of  the  same  solvent,  and  removing  the  organic  layer  again.  The  aqueous 
layer  before  and  after  extraction  for  each  organic  solvent  was  analyzed  using 
HPLC.  The  difference  between  the  initial  and  final  concentration  of  the  analytes 
in  the  aqueous  layer  was  used  to  estimate  the  amount  that  was  extracted  into  the 
organic  solvent.  All  of  the  extractions  were  performed  at  room  temperature. 

111.11.2.1.  Experimental  with  Mineral  Acids 

DMTS  was  oxidized  using  30%  hydrogen  peroxide  with  acetic  acid  and 
different  mineral  acids.  The  composition  of  the  reaction  mixture  for  different  acids 
is  recorded  in  Table  II.4.3-1.  The  reaction  was  carried  out  for  60  minutes  at  30 
°C.  The  oxidation  product  was  analyzed  using  high  performance  liquid 
chromatography  (HPLC). 


Table  III. 11.1.  Composition  of  reaction  mixture  for  oxidation  of  DMTS  using 
different  acids. 
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Acid 

type 

DMTS 

Peroxioe 

Acid  volume 

Water 

Acetic 

200  pL  of  0.1  M 
□MTS 

400  pL  of 
30% 

peroxide 

920  pL  of  17.4  M 

430  pL 

HCI 

50  pLof  1M 

1350  pL 

H2SOi 

50  pL  of  0.5  M 

1350  pL 

HNO:l 

50  pL  of  1  M 

1350  pL 

An  Agilent  1200  Series  HPLC  system,  with  an  Agilent  Eclipse  XDB-C18 
column  (5  pm  silica  particles  and  2.1  x  150  mm  dimensions)  was  used  for  the 
HPLC  analysis  of  the  oxidized  product.  Mobile  phases  A  (100%  water)  and  B 
(100%  methanol)  were  prepared  using  HPLC  grade  water  and  methanol,  and 
were  filtered  by  vacuum  filtration  through  a  0.45  pm  nylon  membrane  filter. 
Gradient  elution  was  performed  with  30%  B  from  0  to  4  mins,  which  linearly 
increased  to  100%  B  at  6  minutes.  The  mobile  phase  composition  was  held 
constant  at  100%  B  for  2  minutes,  and  was  then  linearly  decreased  to  30%  B 
over  4  minutes  at  a  flow  rate  of  0.35  mL/minute.  UV  detection  was  performed  at 
280  nm. 

An  aliquot  (40  pL)  of  oxidation  product  was  injected  into  the  HPLC,  and 
the  product  peak  was  collected.  The  oxidation  product  collected  from  HPLC  was 
analyzed  in  mass  spectrometry  via  Infusion  analysis. 

The  oxidation  product  was  also  analyzed  using  a  DB5  column  by  GCMS 
for  information  about  mass  and  structure  by  direct  injection  of  product,  and  after 
collection  from  the  HPLC.  For  direct  analysis,  the  product  after  reaction  was 
extracted  in  ethyl  acetate,  and  diluted  to  500,  and  1000  pM  in  ethyl  acetate,  and 
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injected  into  GCMS  directly.  For  analysis  after  purifying  the  product  by  HPLC, 
the  extracted  oxidation  product  analyzed  by  HPLC  was  collected,  dried  using 
anhydrous  sodium  sulfate,  and  analyzed  with  GCMS.  GCMS  analysis  was  done 
in  positive  and  negative  ionization  modes  using  both  the  strong  ionization  El 
mode  and  softer  ionization  Cl  mode. 

III.  11.3.  RESUL TS  AND  DISCUSSION 

Water  was  found  to  produce  the  lowest  detection  limit  at  10  pM  (Figure 
III.1 1 .1 ).  The  chromatogram  of  the  DMTS-spiked  blood  is  shown  in  Figure 
III. 11. 2;  DMDS  and  DMTS  eluted  at  3.94  and  6.98  minutes,  respectively,  which 
demonstrates  that  DMTS  can  be  detected  in  blood.  The  ramp  rate  of  the  GC 
oven  temperature  program  was  reset  at  30  °C  to  reduce  the  retention  time  of 
DMTS.  Compared  with  the  same  concentration  of  DMTS  in  methanol,  DMTS 
was  degraded  to  DMDS  in  blood  as  shown  in  Figure  III. 11.2.  Overall,  a  simple 
GC/MS  headspace  method  for  the  analysis  of  DMTS  from  biological  fluids  was 
developed;  however,  further  optimization  is  necessary  to  obtain  a  lower  detection 
limit  of  DMTS. 
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Figure  III. 11.1.  Overlaid  chromatograms  of  10  gM  DMTS  (blue)  and  a  methanol 
blank  (red). 
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Figure  111.11. 2.  Overlaid  chromatograms  of  1  mM  DMTS  (purple),  DMTS-spiked 
blood  (green)  and  a  blood  blank  (red). 

IU.11. 3.1.  DMTS-NaBr  Analysis 

A  1  mM  stock  solution  of  NaBr  and  a  100  mM  stock  solution  of  DMTS 
were  made  in  LC-MS-grade  water  and  methanol,  respectively.  DMTS  standards 
(0  pM,  500  pM,  1000  pM)  with  constant  concentration  of  NaBr  at  i)  100  pM,  and 
ii)  50  pM  were  made  for  infusion  analysis.  All  standards  were  filtered  through  a 
0.22  pm  filter  prior  to  infusing  into  mass  spectrometer. 

Mobile  phases  A  (90%  water,  10%  methanol),  and  B  (90%  methanol  and 
10%  water)  were  prepared  using  LC-MS-grade  methanol  and  water,  and  were 
filtered  using  vacuum  filtration.  Different  concentration  ratios  of  DMTS:NaBr  (5:1, 
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6;1,  4:1,  1:2)  were  prepared  and  analyzed  for  a  comparative  study.  All  standards 
were  filtered  through  a  0.22  pm  filter  prior  to  injecting  into  the  HPLC-MS-MS. 

An  AB  Sciex  Q-Trap  5500  MS  (Applied  Biosystems,  Foster  City,  CA,  USA) 
with  electrospray  ionization  in  negative  and  positive  mode  was  used  to  perform 
the  mass  spectrometric  analysis.  A  direct  infusion  (10  pL/min)  of  DMTS-NaBr 
standard  was  done  to  acquire  mass  spectra  monitoring  scans  from  20-400  Da. 
Product  ion  scans  were  completed  using  both  MSI  and  MSS. 

High-performance  liquid  chromatography-tandem  mass  spectrometry 
(HPLC-MS-MS)  was  conducted  on  a  Shimadzu  HPLC  (LC-20AD,  Shimadzu 
Corp.,  Kyoto,  Japan)  coupled  to  the  AB  Sciex  Q-Trap  5500  MS.  Gradient  elution 
was  used  with  initial  mobile  phase  of  0%  B,  which  linearly  increased  to  100%  B 
over  7  minutes,  held  constant  for  1  minute,  and  linearly  decreased  to  0%  B  over 
2  minutes  at  a  flow  rate  of  0.25  mL/min. 

III.  1 1.3.2.  DMTS-Proplonic  Acid  Analysis: 

Propionic  acid  solutions  (0.1%  and  1%)  were  prepared  in  HPLC  grade 
methanol:  water  (90:10)  solution.  DMTS  standards  (0  pM,  5,  pM  10  pM,  50  pM, 
and  100  pM)  were  made  in  both  0.1%  and  1%  propionic  acid  solutions  for  a 
comparative  analysis.  All  standards  were  filtered  through  a  0.22  pm  filter  prior  to 
HPLC-MS-MS  analysis. 

An  AB  Sciex  Q-Trap  5500  MS  (Applied  Biosystems,  Foster  City,  CA,  USA) 
with  electrospray  ionization  in  negative  mode  was  used  to  perform  the  mass 
spectrometric  analysis.  A  direct  infusion  (10  pL/min)  of  DMTS-propionic  acid 
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standard  was  done  to  acquire  mass  spectra  monitoring  scans  from  20-400  Da. 
Product  ion  scans  were  completed  using  both  MS1  and  MSS. 

111.11. 4.  RESULTS  AND  DISCUSSION 

DMTS  analysis  using  NaBr  was  performed  in  both  negative  and  positive 
ionization  mode.  Optimized  MRM  parameters  for  tentative  DMTS  adduct  in 
negative  ionization  mode  are  presented  in  Table  III. 11. 2. 


Table  III. 11. 2.  MRM  ions  and  associated  parameters  corresponding  to  some 
form  of  DMTS-Br  adduct  in  negative  ionization  mode. 


Compound 

MSI  (m/z  Da) 

MS3  (m/z  Da] 

CE  (Volts) 

DP  (Volts) 

C4HiT5eBf 

336.5 

206.2 

19.75 

168.89 

336.5 

220.2 

26.22 

29.65 

Different  concentration  ratios  of  DMTS  and  NaBr  were  tested  for 
comparative  study,  in  order  to  get  to  the  optimal  NaBr  concentration  for  adduct 
formation.  However,  after  multiple  approaches,  it  was  found  that  DMTS-NaBr 
adduct  formation  was  not  uniform,  and  did  not  increase  with  increasing 
concentration.  Both  low  concentration  standards  (1,  5,  10,  and  50  pM)  and  high 
concentration  standards  (100,  500,  and  1000  pM)  were  tested.  The  mass 
spectrum  obtained  from  infusion  analysis  indicated  that  ion  m/z  =  336.5  could  be 
the  fragment  of  interest.  An  m/z  of  336.5  is  predicted  to  be  a  dimerized  DMTS 
with  a  bromine  atom,  but  its  presence  in  positive  ionization  mode  was  deemed 
unlikely.  Furthermore,  after  continued  replicate  analysis,  it  was  seen  that  an 
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increase  in  concentration  of  DMTS  did  not  increase  the  abundance  of  m/z  = 


336.5  (Figure  III. 11. 3)  which  led  to  the  conclusion  that  it  is  likely  not  an  adduct  of 
interest. 


Figure  III.11.3.  Overlaid  chromatograms  of  [C4Hi7S6Br]  transition  m/z  =  336.5 
^  220.  LC  conditions  are  as  described  in  the  text. 


Tentative  MSI  adduct  structure,  masses  of  MS3  fragments,  collision 
energy,  and  declustering  potential  of  the  species  of  interest  are  listed  in  Table 
III. 11.4.  The  tentative  structures  show  that  the  hydrophobic  part  of  a  propionic 
acid  could  be  interacting  with  two  dimethyl  trisulfides.  The  m/z  of  325^311.1 
corresponds  to  the  loss  of  a  methyl  group.  Ions  of  m/z  =  283.1  and  255.2  did  not 
produce  any  Q3  fragments  and  were  not  studied  further.  Ion  169.2  gave  a  73.1 
Q3  fragment,  which  correlates  to  the  mass  of  a  propionic  acid.  Mass  spectra  of 
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DMTS-propionic  acid  with  possible  adducts  of  interest  are  shown  in  Figure 
III. 11.4. 


Table  III. 11. 4.  MRM  ions  and  associated  parameters  corresponding  to  potential 
DMTS-propionic  acid  adduct. 


Compound  MSI  MSS  ttn/z 

Da}  Da) 


3111  eo.o 
119.1 
182,9 


ColEisJon 

Energy 

Cvolts) 

-169,46 

-189,44 

-164,51 


Declustering 

Potential 

[volts] 

-105,62 

-68.73 

-105,62 


CgHisOiSe' 


325 


80  -177.28  -113.43 

118.9  -176.16  -72.10 

182.9  -190.44  ^7.93 


C7Hi70£S5' 
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Figure  III. 11. 4.  Mass  spectra  of  increasing  concentrations  of  DMTS  in  0.1% 
Propionic  acid.  Mass/charge  of  the  ions  of  interest  are  labeled. 


111.11. 4.1.  Optimization  of  Reaction  Parameters: 

The  oxidation  of  0.4  M  DMTS  with  1.3  M  hydrogen  peroxide  and 
increasing  concentration  of  acetic  acid  is  presented  in  Figure  III. 11.5.  From 
HPLC  analysis,  the  reaction  at  8  M  acid  results  in  the  highest  yield  of  oxidized 
product. 
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Figure  111.11. 5.  Chromatograms  showing  the  oxidized  reaction  product  (eluting 
at  6.5  min)  and  unreacted  starting  material  DMTS  (eluting  at  15.5  min)  when 
increasing  the  acetic  acid  concentration.  The  LC  conditions  are  described  in  the 
text. 


HPLC  chromatograms  for  reactions  performed  at  8  M  acid,  1.3  M 
hydrogen  peroxide,  and  increasing  DMTS  concentration  (10  mM,  50  mM  and  100 
mM)  are  shown  in  Figure  III. 11.6.  Before  analysis,  the  reaction  product  was 
diluted  to  0.5  mM  in  methanol.  For  each  DMTS  concentration,  only  the  oxidized 
product  peak  was  observed  and  the  DMTS  peak  was  negligible  (Figure  III. 11. 6). 
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Therefore,  the  reaction  conditions  are  optimized  for  DMTS  oxidation,  for  at  least 
the  concentration  range  studied.  The  reaction  may  still  need  to  be  optimized  for 
DMTS  concentrations  below  10  mM. 

Because  of  practical  limitations  of  the  HPLC  instrumentation,  large 
concentrations  of  acid  and  peroxide  cannot  be  used.  Therefore,  in  order  to 
successfully  optimize  the  parameters  for  lower  DMTS  concentration,  the  acid  and 
peroxide  either  need  to  be  quenched  or  the  product  needs  to  be  extracted  using 
an  LC-compatible  organic  solvent. 
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Figure  III. 11. 6.  Chromatograms  of  0.5  mM  product  from  oxidation  of  increasing 
DMTS  (10  mM-100  mM)  at  1.3  M  peroxide  and  8  M  acetic  acid  concentrations. 
The  LC  parameters  are  described  in  the  text  in  detail. 


111.11. 4.2.  Drying  and  Quenching 

Quenching  and  solvent  drying  analysis  was  also  done  on  the  product 
mixture  prior  to  analyzing  the  product  via  HPLC  or  MS  in  order  to  prevent 
corrosion  of  injector,  column,  and  infusion  syringe  from  high  concentrations  of 
acid  or  peroxide. 

Drying  experiments  showed  that  DMTS  as  well  as  the  oxidized  product 
are  both  easily  lost  when  dried  under  N2.  The  chromatograms  of  before  and  after 
drying  for  DMTS  (Figure  III. 11. 7),  and  reaction  product  (Figure  III. 11. 8)  shows 
that  DMTS  and  the  product  are  volatile,  and  are  lost  in  the  drying  process. 
These  results  indicate  that  any  drying  process  should  be  avoided  in  the  sample 
preparation  and  extraction  process. 
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Figure  111.11. 7.  Chromatogram  showing  loss  of  DMTS  after  drying  for  15 
minutes  under  N2air.  A  (before  drying)  shows  the  DMTS  peak,  which  disappears 
in  B  (after  drying). 
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Figure  III. 11. 8.  Chromatograms  showing  the  oxidized  product  before  (A),  and 
after  drying  (B).  The  oxidized  product  is  completely  lost  after  drying  for  15 
minutes  under  N2  air. 


Quenching  analysis  presented  in  Figure  III. 11. 9  shows  that  acid 
quenching  using  sodium  hydroxide  degrades  the  product  completely.  Similarly, 
peroxide  quenching  using  sodium  sulfite  and  sodium  chloride  converts  some  of 
the  oxidized  product  back  to  DMTS.  This  analysis  indicates  that  quenching  using 
hydroxide,  and  sulfite  should  be  avoided.  Quenching  with  chloride  is  observed  to 
preserve  most  of  the  product,  but  still  converts  some  of  it  to  DMTS.  Failure  of  the 
quenching  and  drying  experiments  necessitated  an  extraction  step  to  extract  the 
product  using  an  organic  solvent  prior  to  FIPLC  or  MS  analysis. 
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Figure  111.11.9.  Overlaid  HPLC  chromatograms  of  the  reaction  product  after 
undergoing  different  quenching  steps. 


111.11. 4.3.  Extraction  ofDMTS  and  Reaction  Product 

Among  the  different  organic  solvents  tested  for  extraction,  hexane  worked 
best  for  extraction  of  DMTS  and  ethyl  acetate  is  capable  of  extracting  both  DMTS 
as  well  as  the  oxidized  product.  Results  of  extraction  using  hexane,  ethyl  acetate, 
and  50:50  hexane:  ethyl  acetate  are  presented  in  Figure  III.1 1 .10. 
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Figure  111.11.10.  Overlaid  chromatograms  showing  analysis  of  the  aqueous  layer 
before  and  after  extraction  using  organic  solvents.  The  reaction  product  peak 
elutes  at  6.5  min,  and  DMTS  peak  elutes  at  15  min. 


111.11. 4.4.  Oxidation  reaction  using  minerai  acids 

The  chromatogram  of  the  oxidation  product  formed  in  the  presence  of 
different  acids  is  shown  in  Figure  III. 11. 11.  From  HPLC  analysis,  it  was  found 
that  reaction  using  different  mineral  acids  resulted  in  similar  yield  when 
compared  to  the  yield  using  acetic  acid. 
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Figure  111.11.11.  Chromatograms  showing  the  oxidized  reaction  product  (eluting 
at  6.5  min)  and  unreacted  starting  material  DMTS  (eluting  at  15.5  min)  using 
different  acids.  The  LC  conditions  are  described  in  the  text. 


The  infusion  analysis  of  the  purified  oxidation  product  by  mass 
spectroscopy  in  positive  and  negative  ionization  mode  is  reported  in  Figures 
111.11.12  and  11.13,  respectively. 
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Figure  111.11.12.  Chromatograms  of  the  collected  oxidation  product  in  positive 
ionization  mode  by  infusion  analysis  with  ESI  mass  spectroscopy. 
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Figure  111.11.13.  Chromatograms  of  the  collected  oxidation  product  in  negative 
ionization  mode  by  Infusion  analysis  with  ESI-mass  spectroscopy. 
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The  oxidation  product  was  not  detected  in  either  of  the  ionization  modes  in 
the  mass  spec.  The  oxidation  product  was  not  detected  by  GCMS  in  either 
approaches  of  with  and  without  purifying  the  product  by  HPLC. 

III.  11. 5.  CONCLUSIONS 

The  DMTS-propionic  acid  method  is  a  promising  approach.  Further 
analysis  will  be  done  by  setting  up  an  HPLC-MS-MS  method  using  the 
information  obtained  from  infusion  studies.  A  reverse  phase  C-12  column  will  be 
used  because  of  the  hydrophobic  nature  of  DMTS.  A  0.1%  propionic  acid  in 
methanol  and  water  will  be  used  for  Mobile  phases  A  and  B,  respectively.  So  far, 
it  has  been  noticed  that  DMTS  does  not  form  stable  adducts  easily.  It  is  also 
possible  that  the  adducts  formed  are  too  fragile,  and  are  degrading  rapidly  into 
smaller  ions.  Hence,  if  this  approach  fails,  then  oxidation  of  the  sulfur  bond  will 
be  the  next  approach  to  analyze  DMTS  using  HPLC-MS-MS. 

Analyzing  DMTS  as  an  oxidized  product  appears  to  be  a  promising 
approach  if  the  product  can  be  isolated  from  acid  and  peroxide  prior  to  analysis 
in  HPLC-MSMS.  Unlike  DMTS,  the  oxidized  product  is  ionizable  and  does  not 
require  other  compounds  to  form  ionizable  adducts  for  detection  in  the  mass 
spectrometer.  The  higher  mass  of  the  product  will  also  provide  advantages  in 
MS  detection.  From  multiple  experiments,  it  has  been  found  that  ethyl  acetate  is 
a  potential  extracting  solvent  for  the  oxidized  product.  However,  miscibility  of 
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acetic  acid  and  ethyl  acetate  pose  a  limitation  in  using  ethyl  acetate  as  an 
extracting  solvent.  Therefore,  future  work  will  include  performing  this  reaction  in 
strong  mineral  acids  such  as  hydrochloric,  sulfuric  and  nitric.  Strong  mineral 
acids  will  dissociate  completely  during  the  reaction  process,  and  will  not  mix  with 
ethyl  acetate  in  the  extraction  step.  Once  the  product  is  extracted  in  ethyl 
acetate,  it  will  be  diluted  in  methanol  such  that  it  can  be  analyzed  in  the  LC.  After 
the  reaction  and  extraction  conditions  are  optimized,  the  product  will  be  analyzed 
using  HPLC-MSMS  to  achieve  desirable  low  detection  limits  (<5pM). 

DMTS  was  oxidized  using  mineral  acid,  such  that  the  oxidized  product 
could  be  extracted  using  ethyl  acetate.  The  product  was  not  detected  by  infusion 
analysis  with  mass  spectroscopy,  which  could  be  due  to  high  background  noise 
in  the  instrument,  ion  suppression,  or  a  neutral  molecule  not  ionizing.  Different 
concentrations  of  product,  higher  than  700  pM  and  lower  than  300  pM  can  be 
tested  to  verify  the  problem  of  detection.  The  product  might  also  be  undergoing 
fragmentation  into  smaller  masses  due  to  the  strong  ESI  ionization,  or  forming 
uncharged  species,  leading  to  difficulty  in  detection.  The  product  was  not 
detected  in  either  of  the  ionization  modes  using  both  El,  and  Cl  sources  in 
GCMS.  Failure  in  detection  with  both  strong  and  weak  ionization  sources  points 
to  the  possibility  of  the  product  degrading  at  the  high  temperatures  used  in  the 
GC.  Future  work  include  headspace-  GCMS  analysis  of  the  product  using 
GCMS,  and  further  analysis  by  mass  spec  via  infusion. 
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CHAPTER  12 


DETERMINATION  OF  3-MERCAPTOPYRUVATE  BY  LC-MS-MS 
Michael  W.  Stutelberg  and  Brian  A.  Logue 

III. 12.  The  effort  for  this  portion  of  the  report  was  published  as  a  peer-reviewed 
manuscript,  which  is  attached  as  Appendix  VII. 
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CHAPTER  13 


SIMULTANEOUS  DETERMINATION  OF  COBINAMIDE  AND  3- 
MERCAPTOPYRUVATE  IN  SWINE  PLASMA  BY  LIQUID 
CHROMATOGRAPHY-TANDEM  MASS  SPECTROMETRY 
Michael  W.  Stutelberg  and  Brian  A.  Logue 

III. 13.1.  Introduction 

With  the  development  of  novel  cyanide  antidotes,  there  is  a  need  to 
simultaneously  determine  3-mercaptopyruvate  (3-MP)  and  cobinamide  (Cbi).  3- 
MP  acts  as  a  sulfur  donor  to  produce  thiocyanate^’^  when  cyanide  is  present, 
though  when  administered  3-MP  rapidly  metabolizes  in  the  blood.  Therefore, 
dimer  prodrugs  (sulfanegen^)  were  developed  to  deliver  3-MP  upon 
administration  into  the  blood,  which  proved  to  be  more  efficacious  than  current 
antidotes. 

Another  antidote  being  investigated,  Cbi,  the  penultimate  derivative  of 
hydroxocobalamin,  is  also  being  utilized  as  a  cyanide  antidote.  The 
enhancement  from  hydroxocobalamin,  currently  used  as  a  cyanide  antidote,  is 
that  Cbi  has  greater  water  solubility,  higher  affinity  for  cyanide,  and  can  bind  two 
cyanides."^  The  dinitrocobinamide  salt  has  been  shown  to  have  greater  efficacy 
when  compared  to  other  cyanide  antidotes  and  cobinamides.^’^ 

For  further  development  of  these  next  generation  cyanide  antidotes,  a 
method  to  simultaneously  determine  both  antidotes  together  is  needed.  The 
focus  of  this  project  is  to  develop  an  analytical  method  to  simultaneously 
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determine  total  cobinamide  (Cbi)  and  3-mercaptopyruvate  (3-MP)  using  high 
performance  liquid  chromatography  tandem  mass  spectrometry  (HPLC-MS-MS). 

III. 13.2.  Experimental 

111.1 3.2.1.  Preparation  of  Cbi(S03),  Cbi(CN)(H20),  and  Cbi(CN)2Na  with  3- 
MP 

Spiked  plasma  (100  pL)  of  CbiSOs  and  3-MP  was  added  to  a  2  ml 
centrifuge  tube  along  with  an  internal  standard  (100  pL  of  15  pM  O-MP-^^Cs).  For 
the  cyanide  analogs,  spiked  plasma  (100  pL)  with  Cbi(CN)(H20)  and 
Cbi(CN)2Na,  was  also  added  to  a  separate  2  ml  centrifuge  tube.  In  place  of  the 
3-MP  internal  standard,  an  equal  volume  of  water  (100  pL)  was  added  to  the 
Cbi(CN)2and  Cbi(CN). 

111. 13.2.2.  Preparation  of  Dinitrocobinamide  (Cbi(N02)2) 

Spiked  plasma  (100  pL)  of  Cbi(N02)2  and  3-MP  was  added  to  a  2  ml 
centrifuge  tube  along  with  an  internal  standard  (100  pL  of  15  pM  O-MP-^^Cs).  The 
Cbi(N02)2  was  prepared  by  adding  excess  sodium  nitrite  (4;1  N02:[Cbi(H20)2p) 
to  forcibly  bind  nitrite  to  cobinamide.  Protein  from  the  plasma  was  precipitated  by 
addition  of  acetone  (300  pL)  and  the  samples  were  cold-centrifuged  (Thermo 
Scientific  Legend  Micro  21 R  centrifuge,  Waltham,  MA,  USA)  at  8  °C  for  20  min  at 
13,100  RPM  (16,500  x  g).  An  aliquot  (450  pL)  of  the  supernatant  was  then 
transferred  into  a  4  mL  glass  vial  and  dried  under  N2.  (Note:  Glass  vials  were 
used  in  our  laboratory  mainly  because  of  practical  limitations  of  the  N2  drier.) 
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III.1 3.2.3.  Preparation  for  Analysis  of  Total  Cobinamide 

The  Cbi(N02)2  was  prepared  by  adding  excess  sodium  nitrite  (4:1 
N02:[Cbi(H20)2]^"^)  to  forcibly  bind  nitrite  to  cobinamide.  The  Cbi(CN)2  was 
prepared  by  adding  3x  the  concentration  of  cyanide  to  Cbi(H20)2^  in  water 
spiked  into  plasma  and  diaquocobinamide  (Cbi(H20)2^)  was  spiked  directly  into 
plasma.  To  determine  total  cobinamide  conversion,  Cbi(CN)2,  Cbi(N02)2, 
Cbi(H20)f ,  or  mix  (1:1:1,  Cbi(CN)2:Cbi(N02)2  :Cbi(H20)f )  (100  pL,100  pM) 
were  spiked  into  swine  plasma.  Then  cyanide  (lOx  concentration  of  Cbi’s)  was 
added  to  convert  all  the  species  to  Cbi(CN)2.  Protein  from  the  plasma  was 
precipitated  by  addition  of  acetone  (300  pL)  and  the  samples  were  cold- 
centrifuged  (Thermo  Scientific  Legend  Micro  21 R  centrifuge,  Waltham,  MA,  USA) 
at  8  °C  for  20  min  at  13,100  RPM  (16,500  x  g).  An  aliquot  (450  pL)  of  the 
supernatant  was  then  transferred  into  a  4  mL  glass  vial  and  dried  under  N2. 
(Note:  Glass  vials  were  used  in  our  laboratory  mainly  because  of  practical 
limitations  of  the  N2  drier).  The  samples  were  reconstituted  with  5  mM 
ammonium  formate  in  9:1  water:methanol  (100  pL)  and  monobromobimane 
(MBS,  100  pL,  500  pM).  The  samples  were  heated  on  a  block  heater  (VWR 
International,  Radnor,  PA,  USA)  at  70  °C  for  15  min  (3-MP  derivatization  step). 
The  samples  were  then  filtered  with  a  0.22  pm  tetrafluoropolyethylene  membrane 
syringe  filter  into  autosampler  vials  fitted  with  150  pL  deactivated  glass  inserts  for 
LC-MS-MS  analysis. 
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Mobile  phase  solutions  for  LC-MS-MS  consisted  of  5  mM  aqueous 
ammonium  formate  with  10%  methanol  (Mobile  Phase  A)  and  5  mM  ammonium 
formate  in  90%  methanol  (Mobile  Phase  B).  A  gradient  of  0  to  100%  B  was 
applied  over  3  min,  held  constant  for  0.5  min,  then  reduced  to  0%  B  over  1.5  min 
for  the  determination  of  Cbi(CN)2.  The  total  run-time  was  5.1  min  with  a  flow  rate 
of  0.25  mL/min.  For  validation  of  the  analytical  method,  we  generally  followed  the 
FDA  bioanalytical  method  validation  guidelines.^ 

111.13.2.4.  Preparation  for  Simultaneous  Analysis  of  3-MP  and  Total  Cbi 

For  initial  method  development,  samples  were  prepared  by  combining 
Cbi(CN)2  plasma  (50  pL)  with  plasma  containing  3-MP  (50  pL)  in  a  2  ml 
centrifuge  tube  along  with  an  internal  standard  (100  pL  of  15  pM  O-MP-^^Cs). 
Excess  cyanide  (100  pL)  was  pipetted  into  samples  or  standards  in  an  attempt  to 
convert  all  cobinamide  species  into  Cbi(CN)2.  The  rest  of  the  procedure  for  total 
cobinamide  followed  total  Cbi  procedure,  as  outlined  above. 

To  verify  Cbi  could  be  converted  to  Cbi(CN)2  in  the  presence  of  3-MP, 
spiked  plasma  (50  pL)  of  3-MP  was  added  to  a  2  mL  centrifuge  tube  along  with 
an  internal  standard  (100  pL  of  15  pM  O-MP-^^Cs).  Then  Cbi  species  Cbi(CN)2, 
Cbi(N02)2,  Cbi(FI20)2^  (50  pL,  200  pM)  spiked  in  plasma  were  added.  Then 
excess  cyanide  (lOx  Cbi  concentration)  was  added  to  convert  species  to 
Cbi(CN)2  and  the  rest  of  the  procedure  followed  as  outlined  above.  The 
Cbi(N02)2  was  prepared  by  adding  excess  sodium  nitrite  (4:1  N02:[Cbi(FI20)2p) 
to  forcibly  bind  nitrite  to  cobinamide. 
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III.13.3. 


Results 


III.1 3.3.1.  Analysis  of  Cb/fSOsj,  Cbi(CN)(H20),  and  Cbi(CN)2Na  with  3-MP 
in  plasma 

For  validation  of  the  analytical  method,  we  generally  followed  the  FDA 
bioanalytical  method  validation  guidelines.^  The  lower  limit  of  quantification 
(LLOQ)  and  upper  limit  of  quantification  (ULOQ)  were  defined  using  the  following 
inclusion  criteria:  1)  calibrator  precision  of  <15%  RSD,  and  2)  accuracy  of  ±15% 
of  the  nominal  calibrator  concentration  back-calculated  from  the  calibration  curve. 
The  linear  range  for  3-MP  was  previously  determined.®  The  linear  dynamic 
ranges  for  CbiSOs,  Cbi(CN)2,  and  Cbi(CN)(Fl20)  were  separately  determined  in 
plasma  using  standards  from  5-1000  pM  (5,  10,  20,  50,  100,  200,  500,  1000  pM). 
The  range  was  decreased  to  10-1000  for  CbiSOs (Figure  III. 13.1).  For  Cbi(CN)2 
(Figure  III. 13. 2)  and  Cbi(CN)(Fl20)  (Figure  III. 13. 3),  the  linear  range  was 
decreased  to  5-200  pM  with  each  calibration  weighted  by  1/x^.  Note;  The  parent 
ion  for  Cbi(CN)(H20)  is  1015.5,  which  is  assumed  to  be  Cbi(CN)'"  due  to  the  loss 
of  water  during  the  electrospray  ionization. 

The  limit  of  detection  (LOD)  of  3-MP  previously  determined®  was 
determined  by  analyzing  multiple  concentrations  of  3-MP  below  the  LLOQ  and 
determining  the  lowest  3-MP  concentration  that  reproducibly  produced  a  signal- 
to-noise  ratio  of  3,  with  noise  measured  as  the  peak-to-peak  noise  directly 
adjacent  to  the  3-MP  peak.  For  determining  the  LOD  for  the  Obi  species, 
calibration  curves  below  the  LLOQ,  near  the  estimated  LOD  from  1-5  pM  (1,  2,  3, 
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4,  and  5  |jM),  were  created.  Following  the  RMSE  method^,  the  LOD  was 
calculated  from  each  calibration  curve  with  a  LOD  of  CbiSOs  (Figure  II 11 3.2  )  at 
5.7  [iM,  Cbi(CN)2  (Figure  III. 13.3)  at  3.5  |jM,  and  Cbi(CN)(H20)  (Figure  III. 13.4) 
at  4  |jM. 
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Figure  III. 13.1.  Overlaid  chromatograms  of  CbiSOs  eluting  at  2.74  min,  3-MPB 
eluting  at  2.69  min,  Cbi(CN)2  eluting  at  2.94  min,  and  Cbi(CN)  eluting  at  2.94  min, 
spiked  in  rabbit  plasma.  The  chromatograms  represent  the  signal  response  of 
the  MRM  transitions  of  CbiSOs  1 092.8  ^  989.9,  3-MPB  311.0^  223.1 ,  Cbi(CN)2 
1064.9^1010.8,  andCbi(CN)  1015.0^  930.5  m/z. 
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Figure  III. 13.2.  Calibration  curve  for  CbiSOs  spiked  in  rabbit  plasma. 


Figure  III. 11.3.  Calibration  curve  for  Cbi(CN)2spiked  in  rabbit  plasma. 
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Figure  III. 13.2.  Calibration  curve  for  Cbi(CN)  spiked  in  rabbit  plasma. 

III.1 3.3.2.  Detection  of  Dinitrocobinamide 

For  the  determination  of  dinitrocobinamide,  MRMs  (1104.9  ^  1058.9, 

1035.9  ^  989.9,  and  989.9  ^  916.9  m/z)  were  found  by  LC-MS-MS.  Even 
though  excess  nitrite  was  added  and  MRMs  for  Cbi(N02)2  were  previously  found, 
dinitrocobinamide  ions  were  difficult  to  observe  (Figure  III. 13. 5)  because  multiple 
ligands  compete  with  relatively  poor  affinity  for  nitrite  ions.  The  main 
chromatographic  peaks  observed  are  only  Cbi  (1035.9  ^  989.9  and  989.9  ^ 

916.9  m/z).  Therefore,  it  was  determined  to  derivative  Cbi  to  only  one  species 
with  a  compound  that  has  strong  affinity  to  the  cobalt. 
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Figure  III. 13. 5.  Chromatograms  of  Cbi(N02)2  eluting  at  0.75  min,  and  Cbi  eluting 
at  0.8  min  spiked  in  swine  plasma.  The  chromatograms  represent  the  signal 
response  of  the  MRM  transitions  of  Cbi(N02)’'  1035.9  ^  989.9  and  Cbi  989.0  ^ 
916.9  m/z  and  total  ion  chromatograph  of  the  blank. 


III. 13.3.3.  Determination  ofTotai  Cobinamide 

Due  to  difficulty  in  detecting  dinitrocobinamide,  determination  of  the  total 
concentration  of  cobinamide  was  attempted  by  adding  excess  cyanide.  The 
excess  cyanide  should  compete  with  other  Cbi  ligands  and  create  one  form  of 
cobinamide  (Cbi(CN)2).  Due  to  the  strong  affinity  cyanide  has  for  the  cobalt  atom 
of  Cbi.  Using  the  3-MP  and  Cbi(CN)2  MRMs,  it  was  determined  that  both  3-MP 
and  Cbi(CN)2  can  be  detected  simultaneously  in  rabbit  plasma  when  excess 
cyanide  is  present  (Figure  III. 13. 6). 
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Figure  III.13.6.  Chromatograms  of  Cbi(CN)2  eluting  at  2.9  min  and  3-MPB  eluting 
at  2.67  min,  in  swine  plasma.  The  chromatograms  represent  the  signal  response 
of  the  MRM  transitions  of  Cbi(CN)2  1015.9-930.9  and  3-MP  31 1.0  223.1  m/z. 

III.1 3.3.4.  Determination  of  Totai  Cbi  from  Different  Species  of  Cbi 

For  the  determination  of  dicyanocobinamide,  MRMs  (1015.0  ^  930.5  and 
1015.9  ^  988.9  m/z)  were  found  by  LC-MS-MS.  Due  to  difficulty  in  detecting 
dinitrocobinamide,  determination  of  the  total  concentration  of  cobinamide  was 
attempted  by  adding  excess  cyanide.  The  excess  cyanide  should  compete  with 
other  Cbi  ligands  and  create  one  form  of  cobinamide  (Cbi(CN)2),  due  to  the 
strong  affinity  cyanide  has  for  the  cobalt  atom  of  Cbi.  Using  the  3-MP  and 
Cbi(CN)2  MRMs,  it  was  determined  that  both  3-MP  and  Cbi(CN)2  can  be  detected 
simultaneously  in  rabbit  plasma  when  excess  cyanide  is  present. 
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When  3x  excess  cyanide  was  added,  a  conversion  ratio  was  determined 
by  spiking  Cbi(CN)2,  Cbi(N02)2,  Cbi(H20)f ,  or  mix  (1:1:1,  Cbi(CN)2:Cbi(N02)2 
:Cbi(H20)2^)  (100  pL,100  pM)  into  swine  plasma.  The  cyanide  was  then  added 
to  convert  all  the  species  to  Cbi(CN)2  (Figure  III. 13.7).  When  Cbi  species  were 
compared  with  Cbi(CN)2  standard,  it  was  found  that  Cbi(N02)2  had  a  60% 
conversion,  Cbi(H20)2^  had  -30%  and  mix  -90%  conversion.  Therefore,  greater 
concentrations  (lOx)  of  cyanide  were  prepared. 
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Figure  III. 13.7.  Chromatograms  of  Cbi(CN)2  eluting  at  2.95  min  spiked  in  swine 
plasma. 

With  lOx  cyanide,  Cbi(N02)2  conversion  was  -100%  and  Cbi(FI20)2^was 
-70%.  Next,  3-MP  stability  was  determined  with  Cbi  species  in  the  presence  of 
excess  cyanide.  It  was  found  that  3-MP  did  not  degrade  with  excess  cyanide 
when  compared  to  3-MP  samples  with  no  cyanide;  all  3-MP  samples  were 
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100±15%  when  compared  to  the  3-MP  standard  (Figure  1 1 1. 13.8).  Also,  the 
conversion  of  Cbi’s  with  3-MP  and  excess  cyanide  for  Cbi(N02)2  was  found  to  be 
~100%  and  Cbi(H20)2^  at  ~60%.  The  chromatograms  of  Cbi’s  being  converted 
to  Cbi(CN)2  with  3-MP  are  observed  in  Figure  111.13.9.  The  lack  of  conversion  for 
Cbi(FI20)2*lihdicates  that  a  higher  concentration  of  cyanide  could  bind  to  Cbi  and 
release  it  from  proteins  increasing  the  conversion  to  Cbi(CN)2. 
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Figure  III.13.8.  The  chromatograms  represent  the  signal  response  of  3-MP, 
eluting  at  2.67  min,  in  plasma  with  varying  Cbi  species  and  excess  cyanide.  The 
MRM  transitions  observed  are  311-223  m/z. 
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Figure  III. 13.9.  Chromatograms  of  varying  species  of  Cbi  with  3-MP  and  excess 
cyanide  after  conversion  to  Cbi(CN)2  eluting  at  2.9  min.  The  chromatograms 
represent  the  signal  response  of  the  MRM  transitions  of  Cbi(CN)2  1015.9-930.9 
m/z. 


III. 13.4.  Conclusion 

A  simple  and  robust  analytical  method  to  simultaneously  determine  Cbi 
and  3-MP  is  being  developed.  Both  3-MP  and  Cbi  can  be  detected  with  high 
concentrations  of  cyanide.  Various  species  of  Cbi  were  found  to  be  converted  to 
Cbi(CN)2  for  a  total  Cbi  concentration. 


III. 13.5.  Future  Work 

Synthesizing  and  determining  the  mass  spec  fragmentations  of 
dinitrocobinamide  (Cbi(N02)2)  and  monocyano-mononitro-cobinamide 
(Cbi(N02)(CN))  will  be  added  to  the  method.  The  stability  of  aqueous  and  plasma 
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samples  Cbi(N02)2and  Cbi(N02)(CN)  will  need  to  be  determined.  Then  the 
method  can  be  fully  validated. 
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CHAPTER  14 


DETERMINATION  OF  COBIN  AM  IDE  SULFITE  AND  ITS  CYANO  AND  AQUO 
DERIVA  TIVES  B  Y  RP-HPL  C-ESI-MS-MS. 

Joseph  K.  Dzisam  and  Brian  A.  Logue 

III.14.1.  Introduction 

Current  treatments  for  cyanide  exposure  include  three  general  classes  of 
agents:  methemoglobin  generators  (sodium  nitrite,  amyl  nitrite,  and  dimethyl 
aminophenol),  sulfur  donors  (sodium  thiosulfate  and  glutathione),  and  direct 
binding  agents  (hydroxocobalamin  and  dicobalt  edetate)  While  each  type  of 
treatment  has  been  effective  at  countering  the  toxic  effects  of  cyanide,  each  has 
major  limitations,  especially  during  mass  casualty  situations. 

Methemoglobin  generators  oxidize  hemoglobin  in  the  red  bold  cells  to 
produce  methemoglobin  a  complex  with  high  affinity  for  cyanide  However, 
production  of  methhemoglobin  leads  to  methemoglobinemia,  which  reduces 
oxygen  transport  in  the  erythrocytes  and  tissues  This  is  especially  dangerous 
when  smoke  inhalation  has  occurred,  causing  carboxyhemoglobinemia 
concurrently  with  methemoglobinemia  Sulfur  donor  antidotes  detoxify  cyanide 
by  converting  cyanide  to  thiocyanate  with  the  help  of  sulfurtransferase  enzymes 
(e.g.,  rhodanese  and  3-mercaptopyruvate  sulfurtransferase)  However,  sulfur 
donors  are  limited  due  to  variable  subcellular  distribution  of  sulfurtransferase 
enzymes  For  example,  rhodanese  is  concentrated  in  the  mitochondrial  matrix 
of  the  liver  and  kidney,  but  is  not  prevalent  in  the  central  nervous  system 
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Thiosulfate,  the  only  U.S.  FDA-approved  sulfur  donor  cyanide  antidote,  also  has 
a  disadvantage  of  slow  uptake  into  cells.  Other  compounds,  including  3- 
mercaptopyruvate,  have  been  suggested  as  more  efficient  sulfur  donors  for 
cyanide  therapy  Binding  agents  sequester  cyanide  from  cytochrome  c 

oxidase  to  effectively  reduce  the  toxicity  of  cyanide.  Hydroxocobalamin  (Cob), 
the  only  U.S.  FDA-approved  binding  agent  is  relatively  safe  and  effective 
but  binds  only  one  cyanide  ion  per  molecule,  and  is  a  very  high  molecular  weight 
molecule.  Therefore,  it  requires  large  doses  (i.e.,  approximately  4  to  5  g)  and 
intravenous  administration  to  be  effective,  limiting  its  use  in  mass  casualty 
situations  Cobinamide  (Cbi),  the  penultimate  precursor  in  the 

hydroxocobalamin  biosynthetic  pathway  has  been  suggested  as  an  effective 
cyanide  binding  agent.  To  date,  studies  have  shown  that  Cbi  is  superior  to  other 
treatments,  mainly  due  to  its  flexible  administration  and  therapeutic  index 
advantages  The  greater  effectiveness  of  Cbi  is  due  to  its  extremely  high 
affinity  for  cyanide  [Kf,  overall  =  10^^  its  ability  to  directly  bind  two 

cyanide  ions,  and  its  relatively  high  solubility  Depending  on  the  pH  and 
ligands  present,  cobinamide  can  exist  in  several  forms  in  aqueous  solution,  such 
as  diaquocobinamide,  [Cbi(H20)2p,  hydroxoaquocobinamide,  [Cbi(0H)(H20)]'' 
and  dihydroxocobinamide,  [Cbi(OH)2],°  Cobinamide  itself  exists 

predominantly  as  [Cbi(0H)(H20)]''  at  neutral  pH,  as  [Cbi(H20)2p  under  acidic 
conditions,  and  as  [CN(OH)2]°  under  basic  conditions  In  the  presence  of 
cyanide,  either  the  aquo  or  hydroxo  ligands  are  replaced  to  produce 
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[Cbi(CN)(H20)]\  [Cbi(CN)(OH)]°,  or  [Cbi(CN)2]°  depending  on  the  CN 
concentration  and  reaction  time. 

The  multiple  species  of  Cbi  exhibit  disparate  kinetic,  thermodynamic,  and 
biological  behavior.  For  example,  the  aquo  and  hydroxo  forms  of  Cbi 
significantly  bind  to  transcobalamin  protein  (TC),  haptocorrin  (HC),  and  intrinsic 
factors  (IF),  thereby  substantially  affecting  their  distribution  Several 

methods  have  been  developed  for  the  determination  of  the  aqueous  Cbi-cyanide 
system,  including  electrochemical,  spectrophotometric,  and  chromatographic 
methods  However,  these  methods  lack  the  ability  to  simultaneously 

differentiate  between  all  the  species  of  Cbi  of  interest.  Therefore,  the 
development  of  a  highly  selective  method  for  each  Cbi  species  of  interest  with 
the  appropriate  sensitivity  for  biological  analysis  is  necessary  for  the 
determination  and  elucidation  of  pharmacokinetic  parameters,  such  as  apparent 
volume  of  distribution,  clearance,  and  bioavailability  for  each  Cbi  species.  Such 
a  method  may  help  in  the  identification  of  more  effective  formulations  of  Cbi  for 
treatment  of  cyanide  poisoning,  and  toxicity  induced  by  other  small  molecules 
(e.g.,  H2S). 

The  objective  of  this  project  is  to  develop  a  single  analytical  method  for  the 
determination  of  multiple  forms  of  cobinamide  from  biological  fluids,  to  include 
[Cbi(H20)2r,  [Cbi(OH)2]°,  [Cbi(S03)Na]",  [Cbi(CN)2Na]",  [Cbi(CN)(H20)]",  and 
[Cbi(N02)2]°. 

II  1.1 4.2.  MATERIALS  AND  METHODS 
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III.  14.2.1.  Materials 


All  reagents  were  LC  grade,  unless  otherwise  noted.  Potassium  cyanide, 
sodium  cyanide,  sodium  sulfite,  methanol,  and  ammonium  hydroxide  were  all 
obtained  from  Fisher  Scientific  (Hanover  Park,  IL,  USA).  Sodium  hydrosulfide 
hydrate  and  ammonium  formate  were  supplied  by  Sigma-Aldrich  (St.  Louis,  MO, 
USA).  Formic  acid  was  obtained  from  Thermo  Scientific  (Rockford,  IL,  USA). 
Water  was  purified  to  18  mO-cm  using  a  Water  PRO  PS  system  of  purification 
(Labconco,  Kansas  City,  KS,  USA). 

Aquohydroxocobinamide  (pH  =  6.18)  was  obtained  from  Dr.  Gerry  Boss, 
MD  (Department  of  Medicine,  University  of  California,  San  Diego,  La  Jolla,  USA). 
A  stock  solution  of  1  mM  of  the  aquohydroxocobinamide  was  prepared  by 
dissolving  99  mg  into  100  mL  of  de-ionized  water  (0.99  mg/mL)  in  an  amber 
bottle  and  stored  at  about  10°C.  Working  solutions  were  obtained  via  serial 
dilution  to  the  desired  concentration. 

III.1 4.2.2.  Synthesis  of  cobinamide  species 

Monocyanocobinamide  ([Cbi(CN)(H20)]'' or  [Cbi(CN)(OH)]°)  was  prepared 
by  reacting  equi-molar  amounts  of  the  prepared  cobimanide  solution  (1  mL,  1 
mM)  with  potassium  cyanide  (51.3  mM,  19.5  pL).  The  dicyanocobinamide  adduct 
([Cbi(CN)2]°  was  formed  when  two-equivalents  of  KCN  or  NaCN  was  added  to 
hydroxoaquocobinamide  at  room  temperature.  To  determine  if  a  non-adducted 
Cbi(CN)2  could  be  analyzed  by  ESI-MS-MS,  (i.e.,  the  sodium  or  potassium 
molecular  ion  predominates  when  NaCN  or  KCN,  respectively,  are  used  to 
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synthesize  Cbi(CN)2),  a  cyanide-capturing  apparatus  with  two  chambers 
separated  by  a  hydrophobic  porous  frit  (Figure  11.4.1)  was  used  to  produce 
Cbi(CN)2  in  the  absence  of  potassium  and  sodium.  Cobinamide  sulfite  was 
prepared  by  combining  an  equi-molar  solution  of  sodium  sulfite  (4  mM,  125  pL) 
with  cobimamide  (500  mM,  1  ml),  producing  a  final  pH  of  6.4.  Additionally, 
cobinamide  dihydrogensulfide,  CbiS(S)2  was  synthesized  by  reacting  two  and 
half  equivalent  moles  of  NaSH  (50  mM,  50  pL)  with  1  mole  of  cobinamide  (1  mM, 
1  ml). 
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Figure  III. 14.1.  Schematic  of  the  cyanide  apparatus  used  to  create  sodium-  and 
potassium-free  Cbi-cyanide  species.  The  lower  chamber  contained  KCN  solution 
to  which  acid  was  added  to  generate  HCN(g).  Air  was  bubbled  through  the  lower 
chamber  via  the  air  injection  syringe  to  deliver  HCN(g)  to  cobinamide  solution  in 
the  upper  chamber. 


111.1 4.3.3.  Differentiation  of  the  aquo-hydroxo  cobinamide  species 

To  verify  the  assignment  of  molecular  ions  of  [Cbi(H20)2]^"^, 
[Cbi(0H)(H20)]'',  and  [Cbi(OH)2]°  species,  a  cobinamide  solution  was  prepared 
at  different  pHs  and  mass  spectra  of  the  resulting  solutions  were  gathered  to 
identify  the  major  species  at  each  pH.  Solutions  of  Cbi  (55  pM)  with  pHs  from  2 
to  12  were  prepared  by  titration.  Acid  solutions  were  prepared  with  formic  acid, 
and  basic  solutions  were  titrated  with  ammonium  hydroxide.  The  species  were 
then  analyzed  by  MS-MS  in  positive  mode.  The  trend  of  intensities  of  each 
solution  was  analyzed  for  one  day,  three  days,  and  five  days. 

111.1 4.3.4.  Sampie  preparation  of  Cbi  species  for  HPLC-MS-Ms  anaiysis 

Aqueous  Cbi  standards  were  prepared,  and  to  each  1  ml,  300  pL  of 
acetone  was  added.  The  mixture  was  then  centrifuged  for  30  minutes  at  13,100 
rpm  (16,500  x  g).  The  supernatant  (250  pL  of  it)  was  pipetted  into  a  4  ml  vial  and 
dried  with  N2  gas.  Dried  samples  were  reconstituted  with  100  pL  of  10% 
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methanol  and  90%  5  mM  aqueous  ammonium  formate  and  filtered  through  a 
0.22  |jm  filter  prior  to  HPLC-MS-MS  analysis.  Plasma  samples  were  spiked  with 
a  1:10  aqueous  analyte  to  plasma  matrix  ratio,  and  were  prepared  by  the 
processes  enumerated  above. 

III.  14.3.5.  Initial  MS-MS  analysis 

All  mass  spectrometric  analysis  was  performed  by  an  AB  Sciex  Q-Trap 
5500  MS  (Applied  Biosystems,  Foster  City,  CA,  USA)  with  electrospray  ionization 
in  positive  mode.  Mass  spectra  were  acquired  by  direct  infusion  of  aqueous  Cbi 
solutions  (10  pL/  min)  with  scans  of  MSI  from  200-1200  Da  over  1.6  minutes. 
Product  ion  scans  were  completed  using  both  MSI  and  MSS.  The  entrance 
orifice  potential  was  180  Volts,  and  curtain  gas  1  and  ion  source  gas  1  were 
operated  at  14  and  20  psi,  respectively.  The  ion  spray  voltage  was  4500  V  with  a 
temperature  of  500  K.  Optimized  MRM  parameters  are  presented  in  Table 
III. 14.1. 
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Table  III. 14.1.  MRM  ions  and  associated  parameters  corresponding  to  some  Cbi 
forms  of  interest. 


Compound 

MS1  (m/z  Da) 

MS3(m/z  Da) 

CE(Volts) 

DP(Volts) 

[CbiSOjNa]" 

1092.8 

989.9 

65.01 

71.22 

1092.8 

930.9 

96.67 

234.01 

[Cbi(CN)2Na]" 

1064.9 

1010.8 

49.43 

266.54 

1064.9 

930.8 

97.47 

263.1 

[Cbi  (OH)(CN)]7 

1031.6 

946.7 

79.38 

65.01 

[Cbi(CN)(H20)r 

1031.6 

875.6 

80.91 

180.95 

[Cbi(H20)2]^* 

1024.5 

930.8 

74.58 

36.54 

1024.5 

949.7 

66.03 

198.59 

1025.8 

931.7 

70.71 

261.64 

[Cbi(OH)2]“ 

1022.7 

961.8 

65.16 

201.56 

1022.7 

946.8 

72.02 

229.81 

[Cbi(S)2]" 

1053.6 

989.7 

57.32 

193.4 

1053.6 

930.7 

86.91 

172.63 

1053.6 

916.7 

95.62 

186.09 

[Cbi(S)(OH)]" 

1037.8 

989.7 

58.55 

194.21 

1037.8 

930.7 

95.98 

170.92 

1037.8 

916.7 

83.23 

182.78 

III.  14. 3. 6.  HPL  C-MS-MS  analysis 
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High-performance  liquid  chromatography-tandem  mass  spectrometry 
(HPLC-MS-MS)  was  conducted  on  a  Shimadzu  HPLC  (LC-20AD,  Shimadzu 
Corp.,  Kyoto,  Japan)  coupled  to  the  AB  Sciex  Q-Trap  5500  MS.  Samples  were 
separated  on  a  Synergi  4p  RP-Max  (2.00  x  50mm)  reversed-phase  column 
(Phenomenex,  Torrance,  CA,  USA).  Mobile  phase  A  contained  10%  methanol 
and  90%  5  mM  ammonium  formate,  and  mobile  phase  B  contained  10%  5  mM 
aqueous  ammonium  formate  in  90  %  methanol,  gradient  elution  was  used  with 
the  initial  mobile  phase  (0%  B)  linearly  increased  to  100%  B  over  3  minutes,  held 
constant  for  0.5  minutes,  and  linearly  decreased  to  0%  over  1 .5  minutes  at  a  flow 
rate  of  0.25  mL/minutes. 

111.14.3.7.  Data  analysis  section:  limit  of  detection  of  [Cbi(OH)2]° 

From  the  pH  studies,  Cbi  species  of  pH  11  with  concentrations  0.5,  1,  5 
10,  20,  50,  and  100  pM,  respectively,  were  prepared,  allowed  to  stabilize  for  3 
days  before  HPCL-MS_MS  analysis  was  conducted.  The  resultant  data  from  the 
chromatograms  (depicted  in  Figure  11.3.4.6)  were  used  to  estimate  the  limit  of 
detection  at  S/N  =  3. 

111.1 4.3.8.  Synthesis  of  cobinamide  species 

Monocyanocobinamide  ([Cbi(CN)(H20)]'' or  [Cbi(CN)(OH)]°)  was  prepared 
by  reacting  equi-molar  amounts  of  the  prepared  cobimanide  solution  (1  mL,  1 
mM)  with  potassium  cyanide  (51.3  mM,  19.5  pL).  The  dicyanocobinamide 
adduct  ([Cbi(CN)2]°  was  formed  when  two  molar-equivalents  of  KCN  or  NaCN 
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was  added  to  hydroxoaquocobinamide  at  room  temperature.  To  determine  if  a 
non-adducted  Cbi(CN)2  could  be  analyzed  by  ESI-MS-MS,  (i.e.,  the  sodium  or 
potassium  molecular  ion  predominates  when  NaCN  or  KCN,  respectively,  are 
used  to  synthesize  Cbi(CN)2),  a  cyanide-capturing  apparatus  with  two  chambers 
separated  by  a  hydrophobic  porous  frit  was  used  to  produce  Cbi(CN)2  in  the 
absence  of  potassium  and  sodium.  Cobinamide  sulfite  was  prepared  by 
combining  an  equi-molar  solution  of  sodium  sulfite  (4  mM,  125  pL)  with 
cobimamide  (500  mM,  1  mL),  producing  a  final  pH  of  6.4.  Additionally, 
cobinamide  dihydrogensulfide,  CbiS(S)2,  was  synthesized  by  reacting  two  and 
half  molar  equivalent  of  NaSH  (50  mM,  50  pL)  with  1  mole  of  cobinamide  (1  mM, 
1  mL). 

111.14.3.9.  Sample  preparation  of  Cbi  species  for  HPLC-MS-MS  analysis 

Aqueous  Cbi  standards  were  prepared,  and  to  each  1  mL,  300  pL  of 
acetone  was  added.  The  mixture  was  then  centrifuged  for  30  minutes  at  13,100 
rpm  (16,500  x  g).  The  supernatant  (250  pL)  was  pipetted  into  a  4  ml  vial  and 
dried  with  N2  gas.  Dried  samples  were  reconstituted  with  100  pL  of  10% 
methanol  and  90%  5  mM  aqueous  ammonium  formate  and  filtered  through  a 
0.22  pm  filter  prior  to  HPLC-MS-MS  analysis.  Plasma  samples  were  spiked  with 
a  1:10  aqueous  analyte  to  plasma  matrix  ratio,  and  were  prepared  by  the 
processes  enumerated  above. 

111.14.3.10.  Data  analysis  section:  limit  of  detection  of  [Cbi(OH)2]° 
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From  the  pH  studies,  Cbi  species  at  pH  11  with  concentrations  of  0.5,  1,  5 
10,  20,  50,  and  100  pM,  respectively,  were  prepared  and  allowed  to  stabilize  for 
3  days  before  HPLC-MS-MS  analysis  was  conducted.  The  resultant 
chromatogram  in  Figure  11.3.4-1  was  used  to  estimate  the  limit  of  detection. 

III.1 4.3.11.  Synthesis  of  Cobinamide  Species 

Monocyanocobinamide  ([Cbi(CN)(H20)]'' or  [Cbi(CN)(OH)]°)  was  prepared 
by  reacting  equi-molar  amounts  of  the  prepared  cobinamide  solution  (1  mL,  1 
mM)  with  potassium  cyanide  (51.3  mM,  19.5  pL).  The  dicyanocobinamide 
adduct  ([Cbi(CN)2]°  was  formed  when  two  molar-equivalents  of  KCN  or  NaCN 
was  added  to  hydroxoaquocobinamide  at  room  temperature.  To  determine  if  a 
non-adducted  Cbi(CN)2  could  be  analyzed  by  ESI-MS-MS,  (i.e.,  the  sodium  or 
potassium  molecular  ion  predominates  when  NaCN  or  KCN,  respectively,  are 
used  to  synthesize  Cbi(CN)2),  a  cyanide-capturing  apparatus  with  two  chambers 
separated  by  a  hydrophobic  porous  frit  was  used  to  produce  Cbi(CN)2  in  the 
absence  of  potassium  and  sodium.  Cobinamide  sulfite  was  prepared  by 
combining  an  equi-molar  solution  of  sodium  sulfite  (4  mM,  125  pL)  with 
cobimamide  (500  mM,  1  mL),  producing  a  final  pH  of  6.4.  Additionally, 
cobinamide  dihydrogensulfide,  Cbi(S)2,  was  synthesized  by  reacting  two  and  half 
molar  equivalents  of  NaSH  (50  mM,  50  pL)  with  1  mole  of  cobinamide  (1  mM,  1 
mL).  Dinitrocobinamides  were  synthesized  by  reacting  four  molar  equivalents  of 
sodium  nitrate  (4  mM,  1  ml)  with  1  mole  of  cobinamide  (ImM,  1  ml). 
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III.14.3.12.  Synthesis  of  Internal  Standard 

Three  molar  equivalents  of  isotopically  labelled  dissolved  in  10 

mM  NaOH  was  reacted  with  cobinamide  to  form  [Cbi(^^C^^N)2],  for  use  as  an 
internal  standard.  The  integrity  of  the  internal  standard  was  verified  using  solid 
phase  extraction  (SPE)  and  subsequent  fluorometric  analysis  to  determine  the 
concentration  of  ‘free’  cyanide  in  the  internal  standard.  A  hydrophobic  lipophilic 
balance  (HLB)  column  (1  ml)  was  used  for  SPE  with  100%  methanol  as  the 
elution  solvent.  A  Flouromax-4  spectrofluorometer  (Horiba  Scientific,  USA)  was 
used  for  the  spectrofluorometric  determination  with  NDA/Taurine  as  reagents.  A 
tube  volume  each  of  100  %  water  and  methanol  was  used  for  conditioning  the 
SPE  column  prior  to  the  introduction  of  the  100  pM  of  the  analyte  (the  internal 
standard).  The  ‘load’  was  collected,  and  the  equivalent  tube  volume  of  water 
was  used  for  first  and  second  washes  respectively.  A  tube  volume  of  100  % 
methanol  was  used  for  elution.  For  the  flourometric  analysis,  100  pM  of  NacN 
dissolved  in  10  mM  NaOFI  was  used  as  the  ‘standard’  whiles  the  blank  was  0.01 
M  of  NaOFI.  Aliquots  (300  pL  each)  of  NDA  (4  mM)  and  taurine  (50  mM)  were 
added  to  100  pL  of  the  standard,  blank,  load,  washes  (1  and  2),  and  elution.  One 
ml  of  0.1  M  NaOFI  was  subsequently  added  to  each  aliquot.  The  excitation 
wavelength  was  set  at  410  nm  with  a  3  nm  slit  window  while  the  emission  was 
scanned  from  425  nm  to  600  nm,  also  with  a  slit  window  at  3  nm.  The  maximum 
emission  was  481  nm. 

III.  14.3. 13.  HPLC-MS-MS  Analysis  at  40%  B 
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High-performance  liquid  chromatography-tandem  mass  spectrometry 
(HPLC-MS-MS)  was  conducted  on  a  Shimadzu  HPLC  (LC-20AD,  Shimadzu 
Corp.,  Kyoto,  Japan)  coupled  to  the  AB  Sciex  Q-Trap  5500  MS.  Samples  were 
separated  on  a  Synergi  4p  RP-Max  (2.00  x  50mm)  reversed-phase  column 
(Phenomenex,  Torrance,  CA,  USA).  Mobile  Phase  A  contained  10%  methanol 
and  90%  5  mM  ammonium  formate,  and  Mobile  Phase  B  contained  10%  5  mM 
aqueous  ammonium  formate  in  90%  methanol.  Gradient  elution  was  used  with 
the  initial  mobile  phase  (40%  B)  linearly  increased  to  100%  B  over  3  minutes, 
held  constant  for  0.5  minutes,  and  linearly  decreased  to  40%  over  1.5  minutes  at 
a  flow  rate  of  0.25  mL/min. 

111.14.3.14.  Determination  ofiimit  of  detection  of  [Cbi(N02)2] 

In  order  to  determine  the  limit  of  detection  of  [Cbi(N02)2],  a  solution  of  the 
analyte  with  concentrations  of  0.5,  2,  5,  10,  and  20  pM  were  prepared  and 
analyzed  via  the  method  outline  below. 

111.14.3.15.  investigation  of  peaks  in  biank  piasma,  and  stabiiity  of  anaiyte 
in  pH  medium 

In  order  to  verify  the  origin  of  the  peaks  in  the  blank,  we  put  forth  two 
hypotheses:  that  it  could  be  due  to  a  contaminant  or  an  interferent  or  both.  If  the 
plasma  were  to  be  ‘contaminated’  with  cobinamide,  then  addition  of  cyanide  to 
the  plasma  should  yield  cyanide  derivatives  of  cobinamide.  Blank  plasma  and 
CN  (8  mM,  lOOpL)  spiked  in  plasma  were  run  in  triplicates  to  verify  the  presence 
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of  cyanide  derivative.  A  positive  control  of  the  cyanide  analogues  of  cobinamide, 
[Cbi(CN)(N02)]°  and  [Cbi(CN)2]°  were  also  prepared  in  triplicates  and  analyze 
alongside  with  that  of  the  blanks.  Also,  the  stability  of  [Cbi(N02)2]  in  different  pH 
media  were  also  verified  by  preparing  various  solutions  of  [Cbi(N02)2]  (80  pM)  in 
a  neutral  medium,  basic  medium  (using  ammonium  hydroxide,  pH  9.56)  and 
acidic  medium  (formic  acid  used,  final  pH  3.68).  The  analyte  at  the  various  pH 
solutions  were  analysed  immediately  and  after  1  hour,  so  as  to  verify  their 
stability. 

III.  14.3. 1 6.  Sample  preparation  of  Cbi  species  for  HPLC-MS-MS  analysis  for 
40%B 

Plasma  samples  were  spiked  with  a  1:10  aqueous  analyte  to  plasma 
matrix  ratio,  and  were  prepared  by  adding  100  pL  of  the  aqueous  Cbi  standards 
and  900  pL  of  plasma.  To  each  100  pL  of  spiked  plasma  samples,  300  pL  of 
acetone  was  added  to  precipitate  the  proteins  in  the  plasma.  The  mixture  was 
then  centrifuged  for  20  minutes  at  13,100  rpm  (16,500  x  g).  The  supernatant  (150 
pL)  was  pipetted  into  a  4  mL  vial  and  dried  with  N2  gas.  Dried  samples  were 
reconstituted  with  100  pL  of  40%  Mobile  phase  B  and  60  %  Mobile  phase  A,  and 
filtered  through  a  0.22  pm  filter  prior  to  HPLC-MS-MS  analysis. 

III.14.4.  RESULTS  AND  DISCUSSION 
III.1 4.4.1.  MS  analysis  of  Cbi  species 
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Table  III. 14.1  shows  the  masses,  collision  energies  and  declustering 
potentials  of  the  MRM  transitions  of  some  cobinamide  species  of  interest,  and 
Figure  III. 14.2  shows  an  example  mass  spectrum  of  cobinamide-sulfite.  The 
transition  for  cobinamide-sulfite  was  not  present,  but  the  sodium  adduct, 
[CbiSOsNa]”",  was  easily  seen  at  1092.5.  The  molecular  ion  of  the  sodium 
adduct  was  used  to  identify  transitions  of  interest  for  MS-MS.  The  appearance  of 
a  sodium  adduct  was  not  surprising,  considering  analysis  of  hydroxocobalamin 
by  LCMSMS  also  utilized  a  sodium  adduct 

Transitions  for  each  of  the  other  Cbi  species  of  interest  were  determined 
and  optimized  in  a  similar  fashion.  The  identified  molecular  ion  at  1031.6  m/z 
(Table  III. 14.1),  representing  [Cbi  (OH)(CN)]°  or  [Cbi(CN)(H20)]",  was  not  initially 
identified  in  a  1:1  molar  solution  of  Cbi  and  CN'.  After  the  solution  was  allowed 
to  stand  for  four  weeks,  the  monocyano-Cbi  species  was  identified.  The  most 
probable  explanation  for  this  observation  is  facile  kinetic  formation  of  [Cbi(CN)2]°’ 
but  ultimate  thermodynamically  favorable  formation  of  [Cbi(OH)(CN)]°  and/or 
[Cbi(CN)(H20)]"^^'^l 


118 


980  1000  1020  1040  1060  1080  1100 


m/z  Da 

Figure  III.14.2.  Mass  spectrum  of  cobinamide-sulfite.  The  sodium  adduct, 
([CbiSOsNa]''),  is  clearly  observed  at  1092.5  m/z. 

111.14.4.2.  Differentiation  ofaquo  and  hydroxo  Cbi  Species 

Because  the  Cbi  aquo-hydroxo  species,  ([Cbi(0H)(H20)]'',  [Cbi(H20)]^'', 
and  [Cbi(OH)2]°),  differ  by  only  3  mass  units,  abundant  stable  isotopes  of  these 
species  may  be  mistakenly  assigned  to  different  Cbi  species  (Figure  III. 14. 3). 
Because  the  mass  spectral  peaks  cannot  be  definitely  assigned  by  mass  alone, 
the  mass  spectral  behavior  of  the  1022-1027  region  was  analyzed  at  multiple  pH 
values.  Figure  1 1 1.1 4.4  shows  a  plot  of  fraction  of  the  MS  intensities  versus  the 
pH  of  cobinamide  solutions  prepared  at  pH  2-12.  The  figure  shows  a  strong 
correlation  between  1024.5,  1025.5  and  1026.5  over  the  pH  range  studied, 
suggesting  that  these  ions  are  isotopic  forms  of  the  [Cbi(H20)]^''  species.  A 
similar  correlation  was  seen  for  ions  1022.5  and  1023.5,  which  were  assigned  to 
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[Cbi(OH)2]°.  Also,  the  results  show  that  the  Cbi  solutions  in  the  pH  media  are 
thermodynamically  stable  three  days  after  preparation  (i.e.,  Day  3). 


m/z  Oa 


Figure  III. 14.3.  Mass  spectra  of  aquo-  and  hydroxo-  Cbi  species  with  tentative 
assignment  of  the  peaks  at  1022.5-1026.5. 
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Figure  III. 14.4.  Plots  of  intensities  of  1022.5,  1023.5,  1024.5,  1025.5  and  1026.5 
divided  by  the  intensity  of  1024.5.  A,  B  and  C  were  conducted  in  Days  1,  3  and  5, 
respectively.  The  trend  reveals  a  direct  correlation  between  1024.5  (green), 
1025.5(purple)  and  1026.5(light  blue).  Similarly,  1022.5(deep  blue)  and 
1023.5(red)  are  also  correlated.  The  correlation  shows  isotopic  relations.  Day  1 
and  5  solutions  were  not  thermodynamically  stable,  but  Day  3  solutions  were 
very  stable,  as  they  showed  the  trends  of  the  Cbi  species  at  the  expected  pH 
values. 


III.14.4.3.  HPLC-MS-MS  analysis 

Initially,  [Cbi(H20)2p  was  separated  via  the  HPLC  both  in  aqueous 
solution  and  in  plasma,  eluting  at  around  2.80  minutes  (Figure  III. 14. 5).  The 
chromatogram  shown  in  the  lower  portion  (blue)  in  Figure  III. 14. 5  is  the  Cbi 
sample  in  aqueous  solution  (100  pM),  and  the  upper  chromatogram  (red)  shows 
Cbi  solution  spiked  into  plasma  matrix  at  a  ratio  of  1:10  (100  pM). 
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Figure  III.14.5.  Chromatograms  showing  the  elution  of  diaquocobinamide(100 
|jM)  from  the  LC  column  in  water  (blue)  and  in  plasma  (red).  LC  conditions: 
mobile  phase  A  ;  90  %  5  mM  ammonium  formate  and  10  %  methanol,  mobile 
phase  B  has  90%  methanol  and10%  ammonium  formate  (5  mM).  MS  transition; 
1024.4  ^930.5. 


From  the  pH  studies,  Cbi  species  of  pH  11  with  concentrations  0.5,  1,5  10, 
20,  50,  and  100  pM,  respectively,  were  prepared,  allowed  to  stabilize  for  3  days, 
and  the  detection  limit  of  [Cbi(OH)2]°  was  determined  to  be  5  pM  (Figure  III. 14. 6). 
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Figure  III. 14.6.  Chromatogram  of  Cbi  species  prepared  at  pH  11  after  3  days. 
LC  conditions  were  as  described  earlier.  MS  transition;  1022.7  ^  946.8. 


Similarly,  [Cbi(S)2]°  and  [Cbi(S)(OH)2]°  were  also  seen  to  exhibit 
thermodynamic  stability  after  24  hours  of  preparation.  Determination  of  the  limits 
of  detection  of  the  [Cbi(S)2]°  and  [Cbi(S)(OH)2]°  were  not  readily  quantifiable  by 
signal-to-noise  ratio  of  3  (Figure  III. 14. 7).  Another  procedure  involving  the  use  of 
root  mean  square  error,  RMSE  will  be  used  to  find  the  detection  limits  of 
[Cbi(S)2]°  and  [Cbi(S)(OH)2]°. 
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Figure  III. 14.7.  Chromatogram  of  [Cbi(S)2]°  transition  1053  ^  916.  LC 
Conditions  were  as  described  above. 

111.1 4.4.4.  MS  analysis  of  Cbi  species 

Table  III. 14. 2  shows  the  masses,  collision  energies,  and  declustering 
potentials  of  the  MRM  transitions  of  some  cobinamide  species  of  interest.  The 
identified  molecular  ion  at  1031.6  m/z  (Table  III. 14.2),  representing  [Cbi 
(OH)(CN)]°  or  [Cbi(CN)(H20)]'',  was  not  initially  identified  in  a  1:1  molar  solution 
of  Cbi  and  CN'.  After  the  solution  was  allowed  to  stand  for  four  weeks,  the 
monocyano-Cbi  species  was  identified.  The  most  probable  explanation  for  this 
observation  is  facile  kinetic  formation  of  [Cbi(CN)2]°,  but  ultimate 
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thermodynamically  favorable  formation  of  [Cbi(OH)(CN)]°  and/or  [Cbi(CN)(H20)]'' 

21,22 


III.1 4.4.5.  Detection  limit  of  [Cb\(OH) 2]° 

Figure  III. 14.8  shows  the  overlaid  chromatograms  of  [Cbi(OH)2]°at  pH  11 
at  concentrations  of  0.5,  1,  5  10,  20,  50,  and  100  pM.  The  detection  limit  was  10 
pM  (purple  color)  with  an  elution  time  of  2.58  minutes. 
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Figure  III. 14.8.  Overlaid  chromatograms  of  Cbi  species  prepared  at  pH  11  after 
3  days.  LC  conditions  were  as  described  earlier.  MS  transition:  m/z  =  1022.7  - 
946.8. 


III.1 4.4.6.  Detection  limit  of  [Cbi(S)2]° 
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The  detection  limit  of  [Cbi(S)2]°  was  not  easily  quantified  by  signal-to- 
noise  ratio  of  3  (Figure  III. 14.4. 8).  The  method  of  the  root  mean  square  error, 
RMSE  was  used  to  determine  the  detection  limit  of  [Cbi(S)2]°  in  aqueous 
solution  as  6|aM.  The  [Cbi(S)2]°  solutions  were  seen  to  be  thermodynamically 
stable  within  24  hours  of  preparation  (  Figure  III. 14.4. 9). 
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Figure  III. 14.9.  Overlaid  chromatograms  of  [Cbi(S)2]°  at  transition  m/z  =  1053 
916.  LC  conditions  were  as  described  above. 
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Figure  111.14.10.  Overlaid  chromatograms  of  [CbiS2].  The  solution  prepared  in 
aqueous  medium  (100  pM)  became  thermodynamically  stable  within  24  hours 
(blue  chromatogram  is  blank).  The  intensity  for  the  solution  prepared  within  4 
hours  (red)  was  not  as  much  as  that  for  the  24  hour  period  (green). 


Validation  of  the  method  for  the  detection  of  [CbiS2]  was  initially  performed 
in  aqueous  medium,  but  results  from  swine  plasma  suggest  the  need  for  further 
clean-up  steps  to  refine  the  shape  of  peaks  and  transitions  observed,  as  peaks 
for  the  transitions  of  m/z  =  1053-^916,  1053  -^930,  and  1053^989  were  not 
easily  resolved.  However,  peaks  for  the  transition  m/z  =  1092^989  were 
conspicuously  seen  as  being  resolved  (Figure  III. 14.4. 10).  Further  investigation 
is  on-going  to  verify  the  chemical  identity  of  the  species,  as  well  as  the 
correlation(s)  with  the  transitions  m/z  =  1053^989  and  1092-»989,  if  any. 
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Figure  111.14.11.  Overlaid  chromatograms  from  [CbiS2]°  swine  plasma.  The 
transitions  shown  here  is  m/z  =  1092^989.  The  m/z  =  1053^989  transitions  (not 
shown)  were  unresolved. 


III.1 4.4.7.  MS  Analysis  of  Cbi  Species 

Table  III. 14. 2  shows  the  masses,  collision  energies,  and  declustering 
potentials  of  the  MRM  transitions  of  some  cobinamide  species  of  interest.  The 
transitions  for  the  dinitrocobinamide  and  the  internal  standard  are  also  listed  in 
the  table.  The  transition  for  dinitrocobinamide  was  not  present,  but  the  sodium 
adduct,  [Cbi(N02)2Na]'',  was  easily  seen  at  1104.5  (Figure  111.14.12).  The 
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molecular  ion  of  the  sodium  adduct  was  used  to  identify  transitions  of  interest  for 
MS-MS.  The  appearance  of  a  sodium  adduct  was  not  surprising,  considering 
analysis  of  hydroxocobalamin  by  LC-MS-MS  also  utilized  a  sodium  adduct 

Transitions  for  each  of  the  other  Cbi  species  of  interest  were  determined 
and  optimized  in  a  similar  fashion.  The  internal  standard  was  identified  with  the 
molecular  ion  at  1068.5  m/z  (Table  III. 14.2),  as  [Cbi(^^C^^N)]°.  Figure  111.14.13 
shows  how  spectroflourometric  spectral  data  that  confirms  the  ‘integrity  of  the 
internal  standard  after  it  was  synthesized  and  subsequently  subjected  to 
analytical  further  scrutiny  (tests)  including  chromatography. 
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Figure  111.14.12.  Mass  spectrum  (MSI)  showing  the  dinitrocobinamide  with  the 
sodium  adduct,  [Cbi(N02)2Na]''  with  m/z=1 104.5,  mononitrocobinamde  with 
sodium  adduct,  ,  [Cbi(N02)Na]^'',  m/z=1 058.5,  mononitrocobimande  with  no 
sodium  adduct,  [Cbi(N02)]’'’ m/z=1035,  and  the  cobinamide  (Cbi)  with  no  ligands 
at  m/z=989.5. 


989.5 

1035.5 

1058.5 

1  1 

1104.5  - Blank 

129 


Table  III. 14.2.  MRM  ions  and  associated  parameters  corresponding  to  some  Cbi 
forms  of  interest. 


Compound 

MS1(m/z  Da) 

MS3(m/z  Da) 

CE(Volts) 

DP(Volts) 

[CbiS03Na]" 

1092.8 

989.9 

65.01 

71.22 

1092.8 

930.9 

96.67 

234.01 

[Cbi(CN)2Na]" 

1064.9 

1010.8 

49.43 

266.54 

1064.9 

930.8 

97.47 

263.1 

[Cbi  (OH)(CN)]“/ 

1031.6 

946.7 

79.38 

65.01 

[Cbi(CN)(H20)]" 

1031.6 

875.6 

80.91 

180.95 

[Cbi(H,0),f^ 

1024.5 

930.8 

74.58 

36.54 

1024.5 

949.7 

66.03 

198.59 

1025.8 

931.7 

70.71 

261.64 

[Cbi(OH)2]“ 

1022.7 

961.8 

65.16 

201.56 

1022.7 

946.8 

72.02 

229.81 

[Cbi(S)2]“ 

1053.6 

989.7 

57.32 

193.4 

1053.6 

930.7 

86.91 

172.63 

1053.6 

916.7 

95.62 

186.09 

[Cbi(S)(OH)f 

1037.8 

989.7 

58.55 

194.21 

1037.8 

930.7 

95.98 

170.92 

1037.8 

916.7 

83.23 

182.78 

[CbKNOjljNa]* 

1104.5 

1058.8 

231.72 

24.42 

1104.5 

1013.8 

182.00 

34.15 

[Cbi{^^C^^N)2Na]* 

1068.5 

1010.7 

265.54 

49.43 

1068.5 

930.5 

263.10 

97.47 
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Figure  111.14.13.  SPE  of  [Cbi(^^C^^N)2]°.  Spectral  intensities  of  ‘free’  cyanide  in 
acidified  solution  (red)  and  non-acidified  solution  containing  the  internal  standard 
(blue).  The  standard  cyanide  spectra  intensity  is  shown  in  green,  and  the  blank 
is  shown  in  yellow.  The  concentration  of  cyanide  verified  (standard  and  free) 
with  NDA/  Taurine  reagent  was  100  pM. 


Figure  111.14.14  shows  the  bar  chart  for  the  intensities  from  the  ‘standard’, 
blank,  and  the  load,  washes  and  elution  from  the  internal  standard  after  SPE. 
The  intensity  of  the  load  in  the  non-acidified  solution  was  about  the  same  as  the 
intensity  in  the  standard,  indicating  that  almost  all  ‘free’  cyanide  was  eliminated 
from  the  solution  after  SPE.  The  residual  free  cyanide  was  removed  after  the 
first  and  second  wash.  For  the  acidified  solution,  it  is  evident  that  the  1  M  H2SO4 
converted  almost  all  the  cyanide  in  solution  into  HCN('g).  Figure  III. 14.4. 13  also 
shows  the  chromatogram  of  the  internal  standard  (non-acidified)  after  SPE.  The 
elution  time  on  the  Max  RP  column  was  0.92  minutes. 
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Figure  111.14.14.  Chromatograms  showing  the  elution  of  isotopically-labelled 
dicyanocobinamide,  the  internal  standard,  spiked  into  swine  plasma.  MS 
transition:  m/z  =  1068.5  ^  1010.7.  There  is  no  evidence  of  peak  in  the  blank  (red) 
and  the  acidified  solution  (green). 


III.1 4.4.8.  Chromatographic  Behavior  of  [Cb\(N02)2]° 

Preliminary  chromatograms  of  [Cbi(N02)2]°  are  shown  in  Figure  III. 14. 15, 
which  reveals  a  significant  and  a  conspicuous  peak  with  the  transition  1104 
^1058  in  plasma  but  not  in  aqueous  medium,  suggesting  that  [Cbi(N02)2]°  can 
be  found  in  plasma  but  not  in  aqueous  medium.  Further  analysis  of  the 
chromatograms  (not  shown)  of  the  analogues  of  cobinamides  for  the  same  run 
are  enumerated  in  Table  III. 14. 3.  A  plausible  deduction  from  Table  III. 14. 3  and 
Figure  III. 14.4. 14  is  that  [Cbi(N02)2]°  is  quite  stable  in  plasma  but  not  stable  in 
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aqueous  medium,  and  that  [Cbi(N02)2]°  breaks  down  to  form  other  species  as 
shown  in  Table  III. 14. 3  (probably  due  to  an  increase  in  pH  as  a  result  of  the 
release  of  the  conjugate  base,  N02').  Subsequent  chromatography  of  blank 
plasma  (without  [Cbi(N02)2]°)  showed  a  significant  peak  at  the  1104  ^  1058 
transition.  Investigation  is  on-going  to  elucidate  this  observation. 
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Figure  111.14.15.  Overlaid  chromatograms  of  [Cbi(N02)2]“  at  transition  m/z  = 

1 1 04.5  ^  1 058.8  and  1 1 04.5.  ^1013.8,  respectively,  in  water  and  plasma.  LC 
conditions  were  as  described  above. 
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Table  11.4.3.  The  occurrence  of  various  transitions  of  cobinamide  analogues  in 
plasma  and  aqueous  medium  (water). 


Species/mass  (Da)  Aqueous  Plasma  Remarks 


[Cbi(N02)2Na]" 

1104 

no 

yes 

[Cbi(N02)Na]"" 

1058 

no 

yes 

[Cbi(N02)]“ 

1035 

yes 

yes 

[Cbi(H20)2]^* 

1024 

yes 

no 

[Cbi(OH)2]“ 

1022 

yes 

yes 

[Cbi]^* 

989 

yes 

yes 

1104  to  1058  significant:  1104  to  1013  very  tiny 

1058  to  1011  very  little  :1058  to  989  not  visible 

1035  to  989  very  large  in  water  than  in  plasma 

1024  to  930  seen  in  water,  other  transition  not  seen 

both  transitions,  1022  to  946  and  1022  to  961  are 
significant  in  plasma.  However,  only  1022  to  961 
seen  in  water 

All  transitions  visible  in  plasma  and  in  water 
with  the  same  abundance,  indicating  that 
Chi  recovery  is  high 


III.  14.4.9.  Limit  of  detection  (LOD) 

The  chromatograms  for  the  determination  of  LOD  are  shown  in  Figure 
lll.14.16.The  figure  shows  an  elution  time  of  about  0.68  minutes  and  a 
concentration  dependence  with  signal.  The  LOD  could  be  estimated  as  signal  to 
noise  ratio  of  3,  since  there  is  a  significant  peak  intensity  in  the  blank.  This 
observation  of  peak  in  the  blank  swine  plasma  could  be  due  to  an  interferent  and 
or  a  contaminant.  Several  attempts  were  made  to  unravel  the  occurrence  of 
peaks  of  the  1104  ^1058  transitions. 
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Figure  111.14.16.  Overlaid  chromatograms  of  [Cbi(N02)2]°  in  swine  plasma  at 
different  concentrations.  The  peak  intensity  for  the  blank  (deep  blue)  is 
significant  and  more  conspicuous  than  the  0.5  pM  (red).  Transitions  monitored 
were  1104  ^1058. 


III.1 4.4.10.  Origin  of  1104  -^1058  transitions  in  biank  piasma 

Chromatograms  of  blank  plasma  and  spiked  CN  plasma  and  positive 
control  of  [Cbi(N02)2]°  are  shown  in  Figure  111.14.17.  The  positive  control  is  the 
1104  ^1058  transition  in  [Cbi(N02)2]°  ■  It  is  evident  from  Figure  111.14.17.  that  all 
the  1104  ^1058  transitions  were  visible  in  the  positive  control  (labelled  as  ‘DN’ 
for  dinitrocobinamide),  spiked  mononinitromonoyano  cobinamide  (designated  as 
‘CN(N02)’)  spiked  cyanide  into  the  blank  plasma  (  labelled  as  ‘spiked  CN),  and 
dicyanocobinamide,  labelled  as  ‘diCN.  If  there  were  any  ‘free  cobinamide’  (with 
either  aquo  or  hydroxo  ligands)  in  the  plasma,  then,  it  should  be  converted  to  the 
cyanide  derivatives,  monocyanomononitro  or  dicyano  cobinamides,  and 
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consequently,  the  peak  for  the  blank  spiked  CN  plasma  should  not  have  any 
conspicuous  1104  ^1058  transitions.  However,  there  were  1104  ^1058 
transitions  in  all  the  samples  prepared,  as  in  the  positive  control,  including  the 
blank.  This  observation  is  likely  to  be  due  to  an  interferent  in  the  plasma,  and  not 
the  presence  of  cobinamide  in  the  plasma  itself  (directly).  The  observation  that 
the  1104  ^1058  transitions  could  most  likely  emanate  from  an  interferent  is 
further  collaborated  by  analyzing  other  transitions  of  the  cyanide  derivatives  from 
the  same  species  prepared,  as  shown  in  Figures  111.14.18  and  111.14.19. 


Time  (minutes) 

Figure  111.14.17.  Overlaid  chromatograms  of  1104  ^1058  transitions  for  the 
positive  controls  (shown  in  red  and  grey,)  spiked  mononitromonocyano  (yellow) 
and  dicyano  (blue)  derivatives  of  cobinamide.  The  blank  is  shown  in  green  with  a 
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significant  peak  for  the  1104  ^1058  transitions.  The  presence  of  1104  ^1058 
transitions  in  all  the  samples  prepared  could  be  due  to  an  interferent  in  the 
plasma,  and  may  not  be  due  to  a  residual  or  contaminant  of  the  aquo  or  hydroxo 
forms  or  other  derivatives  of  the  cobinamides. 


Time  (minutes) 

Figure  111.14.18.  Overlaid  chromatograms  1064.5  ^  1010.8  transitions.  The 
positive  control  is  spiked  dicyano  cobinamide  (blue).  The  red  is 
mononitromonocyanocobinamide  spiked  in  plasma;  the  large  intensity  seen 
could  be  due  to  the  presence  of  dicyanocobinamide  formed  after  cyanide  was 
added  to  the  dinitrocobinamide.  Cyanide  spiked  into  blank  plasma  is  shown  in 
yellow;  any  free  cobinamide  in  the  blank  plasma  should  have  converted  to 
dicyanocobinamide  so  that  the  1064.5  ^  1010.8  transitions  could  be  seen.  The 
absence  of  a  peak  for  the  transition  1064.5  ^  1010.8  in  the  spiked  -CN  blank 
plasma  suggests  that  there  is  no  form  of  cobinamide  in  the  unspiked  plasma 
(similar  to  results  in  Figure  11.4.3  -2.  above). 
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Figure  111.14.19.  Overlaid  chromatograms  1084.5  ^1038  transitions.  The 
positive  control  is  spiked  mononitromonocyanocobinamide  (blue  and  red).  The 
grey  peak  is  spiked  dinitrocobinamide  spiked  in  plasma.  The  yellow  represents 
spiked  dicyanocobinamide,  and  the  deep  blue  (tiny)  is  the  peak  for  spiked  CN 
into  the  blank  plasma.  By  the  same  analogy  described  earlier  any  free 
cobinamide  in  the  unspiked  plasma  should  have  been  converted  to  cyanide 
derivatives  when  the  CN  was  spiked  into  it.  The  absence  of  any  conspicuous 
peaks  for  the  spiked-CN  plasma  could  be  an  indication  of  lack  of  any  cobinamide 
in  the  blank  plasma.  The  large  peak  seen  for  this  transition  in  the  blank  (green) 
could  possibly  be  an  interferent  or  a  contamination  that  is  not  in  the  plasma  but 
probably  from  other  sources  such  as  the  injector  of  the  LC. 


The  stability  of  the  dinitrocobinamide  species  in  pH  media  were  also  studied 
in  the  blank  plasma,  as  shown  in  Figures  111.14.20,  111.14.21,  and  111.14.22.  For 
the  neutral  plasma,  the  intensity  for  the  1104  ^1058  transitions  increased 
significantly  with  time  (after  1  hour),  while  the  spiked  dinitrocobinamide,  DN, 
remained  about  the  same. 
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Time  (minutes) 


Figure  111.14.20.  Stacked  chromatogram  for  ‘neutral’  spiked  and  unspiked 
plasma  (blank)  prepared  at  0  hour  and  1  hour,  respectively,  prior  to  analysis. 
The  intensity  for  the  blank  plasma  (light  blue)  analyzed  after  1  hour  is  very  much 
higher  than  that  for  0  hour  (deep  blue).  ‘DN’  is  spiked  dinitrocobinamide  into  the 
plasma  at  1  hour  (red)  or  0  hour  (green).  The  intensities  for  the  spiked  DN 
samples  were  almost  the  same. 


In  similar  fashion,  the  trends  for  acidified  and  alkalinized  spiked  and 
unspiked  plasma  were  analyzed. 
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Time  (minutes) 

Figure  111.14.21.  Stacked  chromatogram  for  ‘acidified’  spiked  and  unspiked 
plasma  (blank)  prepared  at  0  hour  and  1  hour,  respectively,  prior  to  analysis. 

The  intensity  for  the  acidified  blank  plasma  (light  blue)  analyzed  after  1  hour  is 
very  much  higher  than  that  for  0  hour  (deep  blue).  ‘DN’  is  spiked 
dinitrocobinamide  into  the  plasma  at  1  hour  (red)  or  0  hour  (green).  The  intensity 
for  the  spiked  DN  analyzed  after  1  hour  diminished  almost  to  undetectable  limits, 
as  compared  to  all  other  peaks. 


The  intensity  for  the  acidified  blank  was  much  higher  because  there  could  be 
an  interferent  in  the  plasma  that  ‘reacted’  with  the  plasma  and  hence  enhanced 
the  intensity.  Similarly,  the  analyte  in  the  spiked  DN  could  have  reacted  with  the 
formic  acid  and  so  the  intensity  got  attenuated. 

The  alkalinized  medium  was  quite  different  from  the  neutral  and  the  acidic 
media.  For  the  1  hour  elapsed  time,  the  signal  for  the  spiked  DN  was 
significantly  enhanced,  while  the  signal  for  the  alkalinized  blanks  was  attenuated. 
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There  could  an  interferent  in  the  blank  plasma  that  probably  ‘reacted’  with  the 
ammonium  hydroxide. 


Figure  111.14.22.  Overlaid  chromatogram  for  ‘alkalanized’  spiked  and  unspiked 
plasma  (blank)  prepared  at  0  hour  and  1  hour,  respectively,  prior  to  analysis. 
The  intensity  for  the  alkalinized  blank  plasma  (light  blue)  analyzed  after  1  hour  is 
very  much  lower  than  that  for  0  hour  (deep  blue).  ‘DN’  is  spiked 
dinitrocobinamide  into  the  plasma  at  1  hour  (red)  or  0  hour  (green).  The  intensity 
for  the  spiked  DN  analyzed  after  1  hour  was  significantly  enhanced. 


III.  14.5.  Conclusions 

Cbi  forms  of  interest  were  successfully  synthesized,  masses  assigned, 
and  the  associated  MRM  parameters  were  optimized.  A  suitable  method  was 
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developed  for  the  analysis  of  the  Cbi  species  of  interest.  The  detection  limit  of 
[Cbi(OH)2]°was  determined  to  be  5  pM,  and  the  detection  limit  for  [CbiS2]°  was  6 
pM.  The  detection  limit  of  [Cbi(OH)2]°was  determined  to  be  5  pM.  [Cbi(H20)2]^"^ 
and  [Cbi(OH)2]°  shows  thermodynamic  stability  at  three  days  at  acidic  and  basic 
pH  medium,  respectively.  The  Identity  of  [Cbi(0H)(H20)]'"  could  not  be  confirmed. 
The  thermodynamic  stability  of  [CbiS2]°  was  within  24  hours  after  sample 
preparation.  Correlation  between  the  transitions  m/z  =  1053^989  and 
1092^989  is  yet  to  be  investigated.  An  internal  standard  will  be  incorporated  in 
the  sample  preparation  (procedure)  for  the  analysis  of  [CbiS2]°. 

Nitrocobinamides  were  successfully  synthesized,  associated  MRM 
parameters  optimized,  and  a  suitable  method  was  developed  for  its  analysis. 
Similarly,  an  internal  standard  was  synthesized  and  verified  to  be  suitable  for  the 
Cbi  analogue  analysis  in  swine  plasma.  The  presence  of  a  significant  peak  in  the 
blank  (neutral)  plasma  could  be  due  to  an  interferent,  of  which  its  signal  was 
attenuated  by  ammonium  hydroxide.  The  Nitrocobinamide  specie  appears  to  be 
thermodynamically  stable  in  alkalinized  medium. 
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KEY  RESEARCH  ACCOMPLISHMENTS 


•  Multiple  cyanide  sensors  have  been  developed  that  rapidly  detect  cyanide 
in  biological  fluids 

•  Methods  to  detect  various  cyanide  metabolites  have  been  published  using 
various  instruments 

•  Toxicokinetic  studies  have  been  completed  on  cyanide  metabolites 

•  Novel  methods  are  being  developed  to  detect  next  generation  cyanide 
therapeutics. 
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CONCLUSIONS 


Multiple  sensors  to  rapidly  detect  cyanide  concentrations  in  biological 
fluids  have  been  developed.  Methods  were  developed  to  detect  cyanide  and 
cyanide  metabolites  in  biological  fluids  by  various  methods.  These  methods 
featured  simple  sample  preparation  with  excellent  accuracy  and  precision 
enabling  a  large  sample  analysis  in  a  small  amount  of  time.  A  new  cyanide 
metabolite  (a-ketoglutarate  cyanohydrin)  was  determined  as  well  as  a 
toxicokinetic  profiles  completed  on  various  cyanide  metabolites.  Methods  for  next 
generation  cyanide  therapeutics  were  also  developed. 
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Development  of  a  Fluorescence-Based  Sensor  for  Rapid  Diagnosis  of 
Cyanide  Exposure 
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ABSTRACT:  Although  commonly  known  os  a  highly  tone  chemical,  cyanide  is  oho  on  essential 
reagent  for  many  industnol  processes  in  areas  such  os  mining,  electroplating,  and  synthetK  IUkt 
production  The  'heavy*  use  of  cyanide  in  these  industries,  along  with  its  necessary  transportation, 
increases  the  possibility  of  human  ciqKKure.  Because  the  onset  of  cyanide  lonoty  is  Cast,  a  rapid, 
sensitive,  and  accurate  method  for  the  di^nosis  of  cyanide  exposure  a  necessary.  Therefore,  a  held 
sensor  for  the  diagnosis  of  cyanide  exposure  was  developed  based  on  the  reaction  of  luphthoJene 
dtoldehydc.  taunne,  and  cyanide,  yielding  a  fluorescent  /Aisoindt^.  An  integrated  cyanide  capture 
‘apparatus*,  consisting  of  sample  and  cyanide  capture  chambers,  allowed  rapid  separation  of 
cyanide  from  blood  samples.  Rabbit  whole  blood  was  added  to  the  sample  chamber,  acidified,  and 
the  IICN  gas  evolved  was  actively  transferred  throu^  a  stainless  steel  channel  to  the  capture 
chamber  containmg  a  basic  solution  of  naphthalene  dialdehyde  (NDA)  and  taurine  The  overall 
analysis  time  (including  the  addition  of  the  sample)  was  <3  mm.  the  Uneor  range  was  3.13-200 
and  the  limit  of  detection  was  0.78  p.M.  None  of  the  potential  inlcrfrrents  investigated  (NaHS, 
NH4OH.  NaSCN.  and  human  serum  albumm)  produced  a  signal  that  could  be  interpreted  as  a  false 
positive  or  a  false  negative  for  cyanide  exposure.  Most  importantly,  the  sensor  was  l(XHt>  accurate  in 
diagnosing  cyanide  poisoning  for  acutely  exposed  rabbits. 


Cyanide  (HCN  or  CN",  indusivety  represented  os  CN)  is 
commonly  known  os  a  poLson  and  a  chemical  warfare 
agent  (CWA).  However,  the  industrial  need  for  CN  in  many 
chemical  processes,  such  as  mineral  extraction,  electroplating, 
and  the  fabrication  of  synthetic  fibers,'  drives  cyanide 
production  for  indusinal  use  to  over  I.l  million  tons  per 
year.*  Therefore,  mdustnol  use  of  moss  quantities  of  cyanide, 
with  Its  associated  transportation  through  highly’  populated 
areas,  drastically  increases  the  risk  of  exposure.  Cyanide 
exposure  may  also  occur  through  diet,  smoke  inhalation  (fire 
01  cigarette  smoke),  or  exposure  from  illiat  use.*^  Illicit  use  can 
be  targeted  at  a  single  individual  (ie.,  poisoiung).  a  small  group 
of  targeted  individuals  (e.g..  mass  suicides),  or  a  Urge  group  of 
people  (e.g..  terronst  attacks).  Some  of  the  more  recent 
UKsdents  of  illiat  cyanide  use  ore  the  Tylenol  Poisoningk  in 
1982.*  the  use  of  cy'anide-gis-producmg  dcvKcs  m  Tokyo 
subway  and  mtlway  station  restrooms  10  1995,*^  ingestion  of 
cyanide  tablets  by  Michael  Mann  upc*n  receipt  of  a  gmlty 
verdict  arson  m  June  2(112.  and  the  death  of  Uroof  Khan,  a 
lottery  winner,  in  Chicago  in  July  2012.*  Aixithet  dlicic. 
reUtnrely  little  known,  use  of  cyomde  is  to  stun  exotic  fish  for 

ACS  PsfbitCJliOnS  touarw^rch^wtoll^iw*  1M5 


easy  capture,  with  an  estimated  90%  of  the  exotic  fish 
ongtnaling  from  the  Philippines  captured  in  this  manner.*' 
Whether  the  route  of  cyanide  exposure  is  accidental  or 
deliberate,  (he  mechanism  of  cyanide  toxicity  is  similar.  Cyanide 
causes  cellular  death  by  blocking  adenosine  triphosphate  (ATP) 
production  through  the  binding  of  cytochrome  c  oxidase. The 
onset  of  cyanide  toxicity  is  rapid,  and  toxic  levels  (n  blood  can 
he  obsened  at  cons*enlraiton«  nf  approximately  19  pM"*'* 
while  death  can  he  observed  at  concentrations  os  low  as  115 
/iM.'**'*  Although  CN  IS  highly  toxic,  il  is  endogenuuslv 
present  in  animals  due  to  normJ  ammo  ood  meUboltsm. 
dietary  mlake,  and  toboesv  consumption**'*  Because  CN  and 
its  mayor  metobolHes.  thiocyanate  (SCN'  I  and  2-amino4hiaao- 
line*4-caiK*xylk  ood  (ATCA),  have  each  been  used  as  markers 
for  cyanide  eiposurc  in  btoAuids,'****  endogenous  concen- 
tfocions  may  compbeate  the  dragnosis  of  cyanide  exposure  if 
not  fuOy  understood.  Table  1  liou  the  ranges  of  endogeaous 
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coiicentratiuns  of  CN  uiJ  iU  major  mrtaboiitei^  fr»ch  of  which 

at  hi^y  mailable. 


Table  1.  Endogenous  Level*  of  Cyanide  Thiocyanate  ozkd 
ATCA  In  the  Blood  of  Smokers  and  Non-Smokers 


ffloikee  of  CJN 
exposure 

Ivpieal  ixisto^al 
ntatrla  analysed 

aonsihclar 

O'M) 

nausLer 

Odd) 

reU 

cyuude 

whole  Uood.  or 
RBCs 

0.02-10' 

ao.v  10 

i.*'  i«i 
end  17 

thioeyarute 

plasma 

1.5-1.30 

1.7-290 

1/  l«. 
and  17 

ATCA 

urtne  or  plasma 

008-027 

IH2-04S 

1'’  and 

16 

*ConceotnUioa(  cotnpUed  for  uonsmokcrj  ranged  from  0.U2  to  3  ><M 
for  Loguc  Cl  oL'  and  3—10  for  IVQnakaU  et  ol.*^  *Logue  el  oL' 
compiled  endogenpos  concentrations  of  cyanide,  thiocyanate,  and 
ATCA  for  smokers  and  noosmokers  from  ituc^es  pnor  to  2010. 


Thiocyanate  is  the  moct  common  indirect  marker  of  cyanide 
exposure  because  it  15  the  major  metabolite  of  cyanide 
accounting  for  80%  of  cyanide  metabolism/*  ATCA  has  only 
recently  been  suggested  for  use  as  a  biomarker,  but  It  accounts 
for  up  to  20H  of  cyanide  metabolism,  witli  an  increase  in 
ATCA  production  as  cyanide  dose  increases.^'*’  Although 
bCN*  U  a  valuable  marker  of  cyanide  exposure,  mclabolism  of 
cyanide  io  ihlocvaoate  is  enzymalically  rate  Hmited^  and 
maximum  thiocyanate  concentrations  can  lag  maximum  cyanide 
concentrations  by  approxunately  20  min  to  6  Although 
ATCA  mirrors  the  behavior  of  cyanide,’*  its  concentration  in 
plasma  bis  been  found  to  be  relatively  low,  necessitating  an 
extremely  sensitive  diagnostic  analysis. 

Because  of  the  rapid  onset  of  toxic  effects  from  cyanide 
poisoning  and  the  diflieixlty  in  developing  a  rapid  and  sensitive 
analysis  for  ATCA,  the  most  appropriate  target  for  diagnosis  of 
acute  cyanide  exposure  is  the  direct  analysis  of  cyanide  as  soon 
sfrer  exposure  ok  possible.  Although  the  detection  of  cyanide 
may  be  accomplished  by  several  methods,  indodiDg  chroma¬ 
tography.  mass  spectrometry,  fluorescence,  and  chemdumines- 
rence,  five  recent  metboils  for  cyanide  analysts  from 
bioUtgicai  matrices  have  been  proposed  {Table  2)  that  focus 
on  rapid  analysis  and/or  portable  technology.  Three  of  these 
methods  arc  bated  on  a  change  in  the  absorbance  of 


cobinamide  (hydroxoriquacoblnomide'^*^  or  hydroxucyanoco- 
binamide^^)  in  the  presence  of  cyanide.  The  remaining  two  are 
based  on  fluorescence  detection  of  cyanide  upon  Its  intetacdon 
with  copper(n)  cubic  mesoporous  graphitic  carbon  nitride 
(Cu^'-c-mpg-CjN*)'^  or  l-(4'-nitrophenyl)  bcnximtdato- 
Uum.^^  Ad^tionally,  there  have  been  a  num^r  of  fluorometnc 
and  colozlroetnc  probes  developed  in  recent  years  for  cyanide 
aualyiis,^  but  these  probes  have  yet  to  be  mtegrated  into 
sensor  technolog}'.  Table  2  lists  the  analysis  time  and  limits  of 
detection  (LCDs)  for  the  proposed  sensors,  along  with 
potential  issues  associated  with  each  technology.  Although 
some  of  the  bsted  CN  detection  techniques  have  LODs 
reacting  concentrations  into  the  nanomolar  range,  endogenous 
levels  of  CN  m  humans  nnge  from  0.02  to  10  (see  Table 
1).  Furtitermcre,  die  toxic  eflects  of  CN  appear  at  blood 
concentrations  around  19  Therefore,  an  LOD  of  3 
or  less,  as  achieved  by  each  technology  listed  in  Table  2,  is 
likely  suflident  for  di^rirrsis  of  CN  exposiue  (i.e.,  an  LOD  of  3 
/sM  is  typically  assodated  with  a  lower  lunit  of  quantification  of 
around  10  /^M).  Conddering  this,  the  other  characteristics 
listed  in  Table  2  are  likely  more  important  in  comparing  these 
diagnostic  tedinologies.  For  the  techniques  proposed,  large 
sample  volumes  (1  interference  from  hydrogen 

sulfide,^*^  long  analysis  times,^*  and  unconfirmed  ability 
to  diagnose  CN  exposure,^  Uimt  their  aj^lication  for 
diagnosis. 

Considering  Umitatioos  of  the  currently  proposed  rapid/ 
portable  CN  detection  techniques,  there  is  a  critica]  need  for  a 
rapid  poinl-of-care  diagnostic  to  confirm  cyanide  esq^nure  and 
inform  the  administration  of  antidotes.  The  objective  of  this 
study  was  to  des’elop  a  rapid  and  sensitive  sensor  for  the 
accurate  diagnoeii  of  acute,  tone  cyanide  exposure. 

■  EXPERIMENTAL  SECTION 

Materials.  All  maledah  used  were  HPLC  grade  unless 
otherwise  indicated.  Sodium  hydroxide,  sulfuric  acid,  sodium 
cyanide,  KH1PO4,  KjHPO^,  and  NH^OH  were  purchased  from 
Fisher  Scientific  (Hanover  Park,  TL).  2,3-Naphthalenc 
dialdehyrie  (NDA)  was  obtained  from  TCl  America  (Portlani^ 
OR).  Taurine  (2-amiiu>ethanc  sulfonic  acid)  and  NaBO,-4H]0 
were  purchased  from  AI&  Aesor  (Ward  Hill,  MA).  NaSCN  was 
purchased  from  Acros  Organics  (Morris  Plains,  N]).  Human 


Table  2.  Comparison  of  Recently  Proposed  Rapid  Analysis  Methods  and/or  Portable  Technologies  for  the  Diagnosis  of 


Cyanide  Exposure 

andyns 

tima 

LOD" 

isveuigoiofs. 

eor*  teshnoloiy 

sample  prep  method 

fmm) 

(»M> 

DOtM 

Ma  cl  A., 
2011” 

bTdntxoaquocobuunude 

niiCEcdUhukui 

-1 

U,S  IS  ac.  inUzfriTcL 

Ma  and 
Oatgupta. 
1010* 

hydroxoaqaocobiiiamidc 

roicrodi^aaoQ 

-U 

HOW* 

H,S  u  an  in^feretu.  aud  the  NaOH  moHle  phaie  it 
necessary. 

Tfam  *t  alv 
M13“ 

hydminryaiiocohtaanudr 

mirrodiihmuD 

<4 

Ll"' 

Potrotial  InterfrreDls  wvr  not  mltutad  bnr  HjS  likxjy 
interierea. 

lx.  .[ 

1011“ 

tutn  OD  dnorcMcncK 

Co** -c-ujpi-CjN/ 

IfoUte  Mjvun.  Follow  on 
aamiiU  prep  nol  described 

4(y 

(U>KI‘ 

I'br  aoaiyfis  time  reported  (tU  mm)  likely  did  not  indude 
the  lime  Deeded  to  dM  bfewd  ami  fcpanl*  the  satum 

Kiinui  .t  ■!. 

Mis'’ 

fluoresceuec  of 
Qiirophenyl) 

Isolate  serum  dien  add  HEP£S 
btdier  and  DMSO  soluttoii. 

MSO' 

Tbeonalpsu  time  reported  (<£0  s)  did  out  incinde  the  tune 
Deeded  to  dot  blo^  and  separate  rerum.**^ 

'TOD,  lifTiit  of  detection,  'The  listed  LOD*  are  fox  labbil  whole  blood.  'These  techniqoe*  were  verified  using  CN  exposed  robbfU.  '^Method  not 
yeriTied  in  an  animal  model  ‘c  mpg-C)NA  is  cubu  mesoporous  grophtne  carbon  nitnde. -^Thirty  minutes  wai  added  to  the  reported  analyifr  time  10 
occoimt  for  the  esUiaated  time  neseccary  to  dot  blood  and  separate  seruxn  from  blood.  ^The  l^ed  LODs  ore  for  hnman  blood  serum.  ''The  sample 
preparation  Co  abeam  serum  from  blood  requires  extra  equipment. 
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»cnun  albumin  (HSA)  and  NaHS  were  purchased  from  Sigma* 
AMndi  (St.  Louis,  .MO). 

Phosphite  (0.1  M)/borate  (O.OS  M)  buOn  and  stock 
solution*  o(  sodmm  hydroxide  (1  M),  solhiric  acid  (1  M)> 
and  NaSCN  (1  mM)  were  prepared  m  deionized  water. 
Sodium  cyanide  standards  and  NaHS  were  obtained  by  dilution 
from  1.8  mM  and  I  M  stock  sc^utioas,  respectively,  with  10 
mM  NaOH.  NH^OH  was  prepared  by  diluting  the  or^naJ 
aqueous  solution  (29^  by  weight  or  14.5  M)  to  50  m 
deionized  watei.  The  NDA  (2  mM)  stock  solution  was 
prepared  In  phosphate  ^borate  bufier  and  4096  methanol.  A 
launne  (50  mM)  solution  was  prepared  in  phosphalc/horatc 
buifrr.  A  standard  HSA  solution  was  obtained  by  dissolving  5.3 
mg  of  H.SA  per  mL  of  deionired  water. 

Biological  Samples.  (Libbit  whole  blood  samples  were 
obtatiic'd  from  hvu  sources:  (1)  nunsterile  whole  WoikI  with 
2.5%  EDTA  fr'om  young  rabbits  wa.s  purcha.<«J  from  Pel-Freeze 
Btoiogicals  (Rogers,  AR)  and  (2)  s^ole  blood  from  cyanide 
expo.>ed,  New  Zcalarul  White  rabbits  (Ort'cfofogio  cuntailM, 
male,  3.5— 4.5  kg)  was  obtained  from  the  University  of 
California,  Irvine,  Rabbits  (n  s  6)  were  administered  lethal 
doses  of  6.8  mM  NaCN  in  0.9%  NaCl  (1  mL/nun  continuous 
mtravenous  Intusion)  and  blood  was  drawn  prior  to  and  15.  25, 
and  .35  min  following  the  initiation  of  evamde  uifusion.  The 
blood  samples  were  placed  ui  EDTA  tubes  to  prevent 
coagulation,  frozen,  and  shipped  on  ice  (ovemi^t)  to  Soutb 
Dakota  State  Llniversity  for  analysts  of  cyanide.  Upon  receipt 
the  blood  was  stored  at  —80  until  cyanide  analysis  was 
perfortnesl. 

All  rabbits  were  cared  for  in  compliance  with  the  'Prinaples 
of  L4bora(Ofy  Animal  Carr*  formulated  by  the  National  Society 
for  Medical  Research  and  the  “Guide  for  the  Care  and  Use  of 
Laboratory  Aoimah*  prepared  by  the  National  Academy  of 
Soenco  and  published  by  the  Natioad  Imtitutes  of  Health.^ 
All  studies  involving  raMiiis  were  reviewed  and  approved  by  the 
Institutional  Animal  Care  and  Use  Committee  (lACUC). 

Fluorom«tnc  Analysis  of  Cyanide.  MicrodiOusion  was 
used  to  prepare  cyanide  fw  analysis.  The  microdidusion  of  CN 
was  accomplished  via  a  stacked  cyanide  capture  .^aratus.  A 
schematic  of  the  stacked  cyanide  capture  apparatus  can  be  seen 
fri  Figure  1  with  a  lower  chamber,  called  the  sample  chamber, 
used  to  contain  cyanide  standards,  irwabs,  whole  blood  samples, 
or  other  sample  matncci.  and  an  upper  dumber  called  the 
capture  chamber,  containing  a  capture  solution  of  0.5  mM 
NDA:I2,5  mM  taurine:t>.l  M  NaOH  (1:1:1  by  v-olumc).  These 
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two  chambers  [8  (Ld.)  X  50  mm  long]  were  separated  by  a 
hydrophobic  10  micron  porous  pdyelhytene  (PE)  frit  or  a  1.5 
mm  thick  silicone  septum  pierced  with  a  2  mm  long,  28  gauge 
forward  flow  tube.  The  frtt/septuin  was  sandwiched  between 
the  sample  and  c^ure  clumber  using  a  1.8  cm  long  piece  of 
threaded  (15  X  425)  PVC  tubmg  with  a  1.6  cm  external 
dumetcr  as  a  coiq^ler.  A  needle  at  the  top  of  the  capture 
chamber  served  ax  an  outlet  for  the  earner  gas.  The  sample 
chamber  septum  was  pierced  with  two  mlet  needles  (at  the 
bottom  of  Figure  1 ),  one  for  the  inicction  of  acul  and  one  for 
introduction  of  air.  Attempb  to  combine  the  add  and  air 
introduction  failed  due  In  large  viscosity  fhictuatum  between 
the  solution  and  the  air,  resulting  in  dilhculty  in  controlling  the 
rale  uf  air  Dim  tluuugli  iliv  Jiaiiibei. 

Fur  the  .separation  of  CN  from  the  biological  matnx,  the 
sanipie  was  placed  in  the  sample  chamber  and  acidifred  with 
sulftuic  add  (50U  /iL  of  1  M)  and  air  (20  mL  for  the  PE  frit,  20 
and  .SO  mL  Ibr  the  silicone  septum  were  evaluated)  was  forced 
over  the  sample  headspace  to  a  capture  solution  where  HCN 
gas  was  trapped  in  the  capture  clumber  using  .strong  base  to 
convert  HCN  lo  nonvolatile  CN' .  The  captur^  CN~  was  then 
reacted  with  NDA  and  taurmc  in  the  capture  solution,  resulting 
in  a  fluorescent  /f-UotndoIc  product  (Figure  2,  Scheme  A 
B).^  The  cyamdr  capture  apparatus  fit  within  the  detector 
chamber  so  that  the  portion  of  the  capture  chamber  containmg 
the  culture  solution  was  m  alignment  with  the  LED  and  a 
photodiode  or  optic  Rbcr  connected  to  a  spectrophotometiic 
detectm.  Sample  analysts  time,  beginning  at  sample  introduc¬ 
tion  thnnigh  Ruomcence  detection,  wax  less  than  3  mm. 
During  this  study,  the  cyanide  capture  ^poratus  w‘as  cleaned 
with  detoniied  water  between  analyses,  but  wa^ng  the  oir  and 
acid  loletc  and  the  air  outlet  ( Figure  1 )  was  unoecess^  [Le., 
no  carryover  was  observed  except  when  using  the  PE  frit  and 
high  concentrations  of  cyanide  (>500  /iM),  likely  dor  to  HCN 
partitionmg  into  the  PE  matenal;  note  that  the  PE  material  was 
not  used  for  the  ma|onty  of  the  study).  Allhou^  the  cyanide 
capture  apparatus  was  reused  m  thii  study,  it  could  easily  be 
deigned  to  be  disposable,  ekminating  the  need  for  washing  and 
the  potential  tor  carryover. 

Ruorometnc  ana}>%u  was  performed  using  one  of  two 
confrguratfoiu.  Ruonsmetric  Confrguration  1  (FCI)  utilized  a 
420  nm  bglil  emitting  diode  (LET),  TT  Electronics,  Weybndge, 
Surrey.  KT15  9XB.  England)  positioned  at  a  90''  ang)e  from  a 
400—650  nm  light  sensitive  photodiode  (Avago  Technologies, 
Fl  CoUim.  CO)  and  produced  digital  signals  ranging  from  0  lo 
218.  Fluorometric  Configuration  2  (FC2)  consisted  of  a  410 
nm  high.pnwprf<H  I  FD  (I  FD  Pngin,  In**,  .S»n  C-A) 

uradiflted  through  a  focusing  lens  and  directed  toward  the 
sample.  A  second  focusing  lens  positioned  90°  from  the 
irradiation  path  was  used  to  direct  the  fluorescent  light  to  a  6(X) 
/im  optical  Hbet  connected  to  a  L^SB20()0-t-  spectropholomethc 
detector.  The  signal  at  500  nm  was  used  to  quantif)*  tlie  amount 
of  cyanide  in  the  wimple.  The  focusing  lenses,  the  optical  fiber, 
and  the  spectrophotometnc  detector  were  purchased  from 
Ocean  Optics  (Dunedm,  FL).  Since  the  dctecbun  limit  for  FCI 
was  not  within  the  biologically  relcv'ant  range  desired, 
fluorometric  analysts  was  performed  using  FC2.  unless 
otherwise  noted. 

The  field  sensor  dimensions  were  IS  X  20  X  .50  cm  (1  X  w  X 
h).  Housed  within  the  sensor  was  an  aad  reservoir,  cyanide 
c^ure  apparatus  chamber,  a  USB20U0*  ^lectrophotomcter 
(connected  to  a  laptop  computer),  a  valve  swritchmg 
mechanism,  a  I  mL  synnge  with  a  50  mm  stroke  Utsear 
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Fig* e  2  The  propoasd  readion  stniB  tor  the  posBde  reactions  d  NOA  Unne  aid  cynda  A  —  B  aid  A  —  C  bo  h  yidd  H  jO  z  a 

byproduct 


actudor.  and  a  SO  irL  synnge  with  a  100  nm  drolie  lined 
actidor  (eoh  lined  aduda  eerved  s  a  syringe  puip)  NDA 
did  tdjhne  wde  dored  sqiadeiy  axl  added  to  the  culture 
chdTiber  prior  to  ddysis. 

Ftagent  Sabillty  The  staility  of  entire  solution 
reagents  was  di  im^ait  factor  patanlng  to  the  field 
portdnlity  of  the  sensor  Three  dItereiTt  c^ire  scfullon 
storage  soendios  were  invedigaed  In  scenerlo  1,  dl  the 
sDluUon  reagents  (NDA.  tarne  axt  NaOH)  were 
mixBd  togethd  aid  doted  asonesolulion  In  soenano  2  NDA 
did  tdfine  mned  dxl  dored  as  one  sohi  kxi,  while  the 
NdDH  solution  was  added  a  the  tiiTE  of  diayds  InscenanoO, 
ai  the  Cc(dire  solulion  reagerds  v«e  dored  indviduaiy  did 
mbed  a  the  time  of  aidyas  Ail  afiliors  wee  dored  indnba 
viasa  roomtempdatrelorthedifdionorthedaility  dudy 
and  cyanide  dia^s  was  acocmpildied  uang  FC1.  A  cydvde 
dock  SDMion  (200  pM)  was  diaysd  for  at  soendios  The 
dock  solutions  for  somaios  1  did  2  wde  didysd  from  0  to 
60  min,  wl  h  sarples  tor  soendto  3  diayzed  tip  to  70  d^ 

Analyds  of  Fhssible  hteiTerents  Ftotaitiaiy  intarenng 
oonpomds  NH4OH  (X  pM),  NaSCN  (05  mM),  HSA  (33 
mgfmL),  aid  Na-IS(  110  pM),  were  eududed  done  (for  false 
podtiwe  eydudion)  aid  ^ked  with  20  pM  NaCN  (tor  false 
negdive  e/dudion)  The  compounds  of  intered  were 
eialuded  d  oonoentrdions  likdy  found  in  bidoged  mdnoes 
dunng  cyaiide  poaonlng  (le,  the  ndurdly  octumng 
concentrdion  of  NH4OH  as  armonia  gast^  ttiiocyande  in 
aoessof  thehigied  lewdsseai  in  dnokers’^^theanoifil  d 
HSA  present  In  blood.^  ato  the  fiigied  oonoertrdion  of  HjS 
fouid  in  the  blocxl  of  sillide  poisoning  HAies^  Miitiple 
molikes  of  the  nteierait  solutions  were  used  to  evdude 
aUtive  effects  to  indude  ( 1)  equd  pats  NdTS  and  NH4OH 
solutions  (2)  egd  pats  N£CN  aid  NH4OH  soMions  (3) 
equa  pats  N£CN.  NdTS  NH4OH.  aid  HSA  sdulions  (4) 
equd  pats  NasCN  axl  HSA  solutKxis  aid  (5)  equd  pats  of 
NaHS  NH^OH.  aid  HSA  sohibons 

Analysis  of  Cyanide  from  Fttibit  Whole  Blood  The 
aidyds  of  cyaiide  from  rabbit  whole  Hood  was  optimi2Bd  to 
indude  sanple  volime  (SO  aid  IX  pL) ,  add  irijection  votune 
( 3DO-  500  pL) .  aid  add  oonoaitrdion  ( 025  to  2  M ) .  Once  the 
optinun  conditions  were  detennined.  a  cdibraion  curve  ws 
creded  with  025  to  200  pM  cyaiide  ^ked  rdtoit  Hexxf 
edibraors  aidyzed  in  thplicde  Rior  to  eah  aidyas  a  10  pM 
qudity  oortrol  (QC)  daxlad  (cyakde  ^ked  rdtit  whole 
Hood)  ws  aidi^  to  rgxeserl  the  concatraion  threaiHd. 
axwe  which,  a  aiifecl  was  9d  to  be  'eyfosed*  This 
conoentrdion  was  chosen  becase  it  is  the  higest  cyaiide 
ooncenlraion  Old  hxbeen  preuioudy  obsaved  in  theUood  of 
huTiai  smokos ’Cyaidee^xisedrdhit  Hood  samples  (from 
U.  C,  Irving  were  aidyzed  in  thplicde  tor  Bme  poirts  0 
(bredinQ,  15  25.  aid  36  min  As  a  meEBxe  to  venfy  the 


potormaioe  of  the  sensor,  the  rdhrt  Hood  sanples  woe  dso 
aidysd  usng  the  LC-M9MS  aidyas  method  tor  cyaide 
desdtbed  by  Bhaidai  et  d.  2013^ 

Data  Analysis.  The  limit  of  detection  (LOD)  was 
determined  ae  the  aidyte  ooncenirdion  thd  produced  a 
agid-torioiserdlo(S'N)  or3.withthenoiseiTEQEifedsthe 
slandad  devidion  of  the  Hdik.  The  lowo  limit  of 
qudititicdion  (LLOQ)  w^  defined  s  the  didyte  oonoov 
trdion  thd  produced  a  SfN  of  d  lead  10.  a  meceured 
oonomtidicn.  cdoJded  trom  the  cdibrdlon  cove,  thd  was 
Mttiin  20%  of  the  ncmind  conooitrdlcii  as  a  meaeure  of 
aroay.  dvl  apocert  rddive  ddxJdd  dewdion  (%RSD)  of 
S  20%  z  a  meBBde  or  precision  For  Induson  of  ediHdors  n 
the  lined  raige  of  the  soisor.  rgilcde  cdUxdicn  daidads 
woe  requred  to  produce  a  preodon  of  S2D%  RSD  aid 
aocuray  (<  IX  ±  20%  The  ifipo  hint  or  cyjaililicdiai 
(ULCXl)  wzd^ned  zthehigied  aidyte  oonomirdion  thd 
produoed  amezured  oonoenlidion.  thd  wzwittwi  20%of  the 
noimid  ooncoXrdion  s  a  meaure  o(  accunay  with  a 
preodcn  of  <20%  RSD.  It  dioUd  be  noted  thd  the 
^ledrophotomdo  limited  the  maomum  9gid  to  1 163.0X 
cps  vdiidi  limited  the  ULOQ  for  both  aqueous  aid  Hood 
aryiies  All  C)uaititdive  aidyticd  vdues  (le.  oonoaitrdion, 
meal,  staidad  deudion,  etc)  wee (dcHded  usng  Midosoft 
Ofiloe  Exod  2010  (Redmond.  WA) 

caution.  CydkdeistcMcaidhsddoustohumdisd  Hoed 
Goncoitrdions  of  020  pM.'^HCN  is  produced  tram  aqueous 
cyaide  cortaning  skuhore  nea  or  bdow  a  pH  ot  92 
Thoecre  dl  acfueous  cyoide  Sdidards  woe  prepded  in  10 
itM  NdDH  did  hdkled  In  a  wefl-voihlded  hood  HOf  gas 
wQS  produoed  doing  the  acxf  ficdion  prooex  n  the  sanple 
chdhbo  did  thoi  cqitiied  did  doivdiZBd  in  a  bzc  sHUion 
oontdrang  NDA  dd  tadne  in  Ihe  culture  chanbo  The 
Ruoresoenl  ^soindde  predud  wz  di^nsed  of  with  orgaiic 
w^e.  The  propo  use  of  posond  prot^lve  equipment  (i  e. 
gowBS  Id)  ood.  etc),  Idiordory  equpmoit  (le.  voitildion 
hood),  ad  propo  waste  di^xi^  mud  befollowel  to  prewait 
the  posdHIIty  of  eeposure 

J'iUULTS  AND  DI9CUS30N 

Development  of  a  Cyanide  &mpie  Preparation 
Apparatus  Two  bario  mdends  woe  evduded  to  sqiade 
the  smple  ad  c^ure  channbosaf  the  cyaiide  nnaodlTudon 
qppadis  (Figae  1);  (1)  aXicone  septa  with  danless  ded 
tuHng  ad  (2)  a  10  micron  porous  PE  frit  Figoe3diowsthe 
dibrdionarwesadlevalvMtheachbdnomdend  VWmthe 
PE  tot  was  ifiol  z  the  bario,  the  agids  obsoved  tor  the 
lowed  ad  higied  oonoentraiorB  teded  were  nonlineEily 
rdded  to  the  cyaide  conoolrdion.  ad  dtempis  to  desmbe 
the  edibrdion  dda  wfth  a  nned  lit  produced  ncxizero 
intercepts  The  PE  frit  produoed  z  LOD  of  3 13  pM  ad  a 

(liuloU»(rian21/a«BMh  IIM  Oan  2DH.a.  Ue-US 
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Figure  3.  Calibration  curvet’  obtained  for  the  PE  trit  (20  mL  of  air), 
die  xiljcone  liepta  with  forward  flow  tubing  (50  mt  of  air  shown),  and 
rabbit  whole  blood  (50  mL  of  air).  Aqueouii  standards  were  used  for 
the  PE  trit  (O)  and  the  .silicone  septa  (P).  A  silicone  septa,  with 
forward  Row  tubing  is  the  chamber  separation  matcnal,  was  used  for 
onolpis  of  rabbit  whole  blood  (A).  Error  bars  represent  standard 
deviation. 


linear  range  of  25-100  /tM.  When  using  the  .silicone  .septa, 
linear  behavior  was  produced  throughout  the  calibration  range. 
Wlien  a  low  volume  of  air  (20  mL)  was  used  to  caiT)’  HCN 
from  the  sample  to  the  capture  chamber,  the  linear  range  was 
l.S— 200  /<M  with  a  detection  limit  of  0.5  (data  not  .shown). 
Wlien  using  50  inL  of  air,  the  LOO  decreased  to  0.25  pM,  the 
sensitivity  increased  2.4X  (from  261  to  626  and  the 

linear  range  changed  to  1.5—100  //M.  (Note:  with  this  larger  air 
volume,  the  200  pM  cyanide  standard  produced  a  signal  that 
saturated  the  detector,  resulting  in  the  reduced  upper  limit  of 
quantiHcation.)  Linear  least-squares  treatment  of  the  calibration 
data  for  both  air  volumes  resulted  in  correlation  coefficients  of 
0.999.  Tile  linear  behavior  of  the  silicon  septa  compared  to  the 
nonlinear  behavior  of  the  PE  frit  was  likely  due  to 
nonequilibrium  partitioning  of  HCN  into  the  P£. 

Aside  from  the  analytical  performance  of  the  two  barrier 
materials,  foaming  of  the  sample  was  a  major  practical  issue.  If 
heavy  foaming  occurred,  it  forced  the  capture  solution  out  of 
the  oir  outlet  (Figure  1)  and  required  lower  flow  rates  and 
longer  analysis  times  to  ensure  conserv'ation  of  the  capture 
solution.  Separation  of  the  sample  and  capture  chamber  with  a 
polyethylene  frit  produced  very  small  bubbles,  re.sulting  in 
heavy  sample  foaming  due  to  minimal  surface  tension  stress 
lengthening  the  time  needed  for  the  bubbles  to  burst.  To  avoid 
the  loss  of  capture  solution,  the  time  necessary  to  deliver  the  air 
through  the  sample  and  capture  chamber  signiHcantly 
increased.  Conversely,  w’hen  air  was  forced  through  the  silicone 
septa,  relatively  large  bubbles  w'ith  uniform  size  and  shape  were 
produced,  which  significantly  limited  foaming  and  allowed  a 
faster  flow  of  air  from  the  sample  to  the  capture  chamber. 
Moreover,  the  larger  bubbles  did  not  appear  to  hinder  the 
transfer  of  HCN  to  the  capture  solution.  Therefore,  the  silicone 
septum  was  prefeiTcd  both  practically  and  analytically. 


Reagent  Stability.  Reagent  stability  is  crucial  when 
developing  a  portable  sensor,  especially  in  locations  where 
there  is  a  lack  of  refrigeration  and/or  climate  control.  Figure  4 


0  10  203040S0  60  70 

Tim*  (min) 


Figure  4.  Assessment  of  the  short-  and  long-term  stability  of  the 
capture  solution  reagents.  The  long  lemi  stability  of  the  reagents  (up 
to  70  days)  is  presented  in  the  inset.  Error  bars  represent  standard 
deviation. 


shows  that  under  the  storage  conditions  where  the  NDA  and 
taurine  were  stored  together  (scenarios  1  and  2),  extremely 
unstable  mixture.^  resulted.  Conversly,  NDA  and  taurine  stored 
separately  (scenario  3)  resulted  in  stable  reagents  for  all  time 
periods  tested.  The  behavior  of  scenarios  I  and  2  was  similar, 
where  the  initiid  fluorescent  signal  rapidly  decreased  until  the 
fluorescence  was  essentially  eliminated  by  40  min.  Visually,  the 
solutions  for  scenarios  !  and  2  were  initially  clear  but  quickly 
became  faintly  yellow  and  orange,  re.spectively,  cadi  also 
containing  a  small  amount  of  black  precipitate.  Over  time,  these 
solutions  became  darker  until  the  black  precipitate  pervaded. 
This  color  change  wa.*«  a  visual  indication  that  NDA  and  taurine 
were  likely  reacting  together,  potentially  yielding  an  NDA— 
ditaurine  complex  (see  Figure  2,  pathway  A  -►  C  D).  Since 
taurine  was  in  excess,  it  is  likely  that  by  40  min,  the  main 
component  of  the  solutions  was  an  NDA— ditaurine  complex, 
which  was  incapable  of  producing  the  fluorescent  /if-isoindole 
product. 

Although  more  stringent  storage  conditions  should  be  tested 
(e.g.,  larger  variations  in  temperature  to  account  for  extremes 
the  sensor  may  encounter),  the  stability  of  the  capture  solution 
reagents,  wlien  stored  separately,  is  encouraging  for  use  in  a 
cyanide  field  sensor.  In  accordance  with  Figure  4,  the  reagents 
would  not  need  special  storage  conditions  when  stored 
separately  (i.e.,  the  only  special  storage  condition  w'as  the  use 
of  amber  bottles).  It  should  be  noted  that  the  day-to-day 
variations  observed  from  storage  scenario  3  were  likely  due  to 
fluctuations  in  the  tempcralurc  of  the  room  and  the  electrical 
current  produced  from  the  sensor’s  power  source  (i.e.,  dual  9  V 
batteries)  and  were  not  reflective  of  variabiJily  in  the  chemical 
or  sample  preparation  strategies  associated  w'ith  the  analysis. 

Analysis  of  Possible  Interferents.  The  evaluation  of 
potential  interferents  was  undertaken  to  assess  the  po.ssibility  of 
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fabe  positive  or  negative  diagnosis  of  cyanide  poisoning  from 
common  components  of  blood.  Figure  S  shows  that  none  of 


Figure  5.  Asse^siment  of  potential  interferents  to  the  sensor 
technology  present  in  cyanide  spiked  blood.  Error  bars  represent 
standard  deviation. 


the  compounds  investigated  produced  false  positive  signals  (Le., 
above  the  5  q'onide  standard)  and  that  all  individually 
le.sted  samples  containing  20  //M  NaCN  produced  signals 
within  ±10%  of  the  standard  (le.,  no  false  negatives  were 
observed).  Similarly,  none  of  the  mixtures  tested  produced 
signals  tliat  could  be  interpreted  as  false  positives  oi  negatives 
(data  not  shown).  The  specificity  of  the  current  sensor  is 


encouraging,  considering  H^S  has  been  noted  as  a  potential 
interferent  for  other  methods  of  cyanide  analysis.  For  example, 
the  EPA  ion  chromatography  method  notes  H^S  (evolved  when 
NaHS  is  acidified)  as  an  interferent,  masking  the  presence  of 
cyanide’^  and  the  cubmainide-based  cyanide  detection  method.s 
by  Ma  and  Dasgupta  also  note  H;^S  as  a  potential 
interferent." 

Samples  containing  thiocyanate  and  HSA  did  produce  a 
slightly  elevated  signal  compared  to  the  aqueous  blank,  but 
below  the  5  >/M  NaCN  aqueous  standard.  In  1971,  Chung  and 
Wood'^  showed  that  thiocyanate  produced  cyanide  under 
acidic  conditions  in  the  presence  of  hydrogen  peroxide  os  an 
oxidizing  agent.  Since  the  sample  chamber  was  under  acidic 
conditions,  oxygen  bubbled  through  the  sample  chamber  likely 
acted  as  an  oxidizing  agent,  causing  a  small  amount  of  cyanide 
to  form.  For  HSA,  the  elevated  fluorescence  may  have  been  due 
to  the  release  of  cyanide  from  cyanide-'HSA  adducts  under 
acidic  conditions.^^ 

Analysis  nf  CyAnidp  from  Rabbit  Wholp  Rtnod.  TIih 
analysis  of  cyanide  from  whole  blood  required  modification  of 
the  method  used  for  aqueous  solutions,  with  100  //L  of  sample 
and  300  //L  of  1.5  M  H2SO4  found  to  be  optimum  conditions 
for  the  microdiflusion  of  cyanide.  Because  the  surfacc-arca-to- 
volumc  ratio  of  the  sample  chamber  limited  the  amount  of 
HCN  gas  evolved,  lower  volumes  of  acid  were  used  and  the 
concentration  of  acid  became  very  important,  with  higher 
concentrations  increasing  the  amount  of  HCN  evolved.  The 
linear  range  for  cyanide  quantification  in  whole  blood  was 
found  to  be  3.13— 2W)  ;/M  with  a  detection  limit  of  0.78  /iM,  a 
slope  of  310  ^M~*,  and  a  correlation  coefficient  of  0.999 
(Figure  3).  Even  >vith  optimization,  the  recovery  of  cyanide  wa.s 
low  (39%  and  34%  for  S  and  75  QC  standards, 
respectively).  The  inefficient  recovery  of  cyanide  was  likely 
caused  upon  addition  to  whole  blood  by  its  rapid  trans' 
formation  to  volatile  HCN  gas  at  pH  values  below  its  pK^  of 
9.2,*^  enzyme-catalyzed  conversion  to  SCN~  in  the  presence  of 


DoMfmgi 


Figure  6.  (A)  Companion  of  the  c)'anide  concentration.s  found  in  the  whole  blood  of  cyanide  exposed  rabbits  at  1 5,  25,  and  35  min  into  the  infu-sion 
penod  (5,  8.3,  and  1 1.7  mg  NaCN  exposure,  respectively).  The  dashed  line  represents  the  LLOQ.(3.12  //M)  and  the  solid  line  represents  10 
cyanide,  the  threshold  comiidered  “cyanide  exposure”  for  this  study.  Standard  deviation  values  (±3  s)  for  the  lines  were  not  presented  because  they 
were  negligible  compared  to  the  scale  of  the  x  axis.  Note  that  for  the  15  min  time  point  t>  -  3  because  three  animals  did  not  have  blood  drawn  at  that 
time  interval  (B)  Dose-response  curves  for  three  different  doses  of  NaCN  (5,  83,  and  1 1.7  mg)  intravenously  administered  to  rabbits.  Error  bars 
represent  standard  deviation. 


1850 


dK.<Joioiivl010}t/«r^56aesiaAoi  CAm*  i0t4.  9^  ia4V-l8S2 


166 


Armlyticil  Chemistry 


ArtfeJe 


4  tuUur  ilonor/  and  binding  to  blood  componenLi,  indudiog 
hemoglobin  (Hb),  methexnoglobin  (raetHb),  and  Atbumm.’ 

Diagnosis  of  Cyanide  Exposure  (n  Rabbits.  The 
deccribed  lemor  was  used  to  verify  qrarude  exposure  in  rabbiti 
(Pigurv  6).  Rabbit  blo«^  drawn  prior  to  exposure  produced  a 
small  amount  of  fluorescence  due  to  endogenous  cyanide 
concentratkms/**^  but  it  was  below  the  IvOD.  Rabbit  blood 
drawn  at  15,  25,  and  35  min  into  the  infusion  period  produced 
cyanide  concentrations  of  35^  i  4-8,  49.7  ±  8.2,  and  74.6  ■± 
15.6  ^M,  respectively,  as  measured  by  tbe  sensor.  These 
concentrations  deviated  by  less  than  3.5%  of  the  concentrations 
found  by  LC— MS/MS  (Figure  6A).  Similar  to  observations  of 
Bhandari  et  al,^^  blood  cyanide  concentrations  exhibited  a 
linear  response  to  increasing  doses  of  cyanide  (Figure  6B). 
Each  rabbit  that  could  be  considered  ‘‘exposed*  (i.e.,  CN 
concentration  levels  abo>T  10  ;^M)  was  correctly  diagnosed 
from  the  analysis  of  whole  blood  by  the  sensor.  Moreover,  each 
sample  was  analyzed  for  exposure  in  under  3  min,  and  tripbeate 
analysis  of  individual  rabbits  produced  measured  cyanide 
concentrations  %vith  a  %R5D  of  <12%  for  all  time  points. 
The  interanimal  variability  observed  was  expected  due  to 
varying  physiological  characteristics  of  individual  rabbits  (e.g., 
ammal  size,  lev^  of  rhodanese  present,  etc.).  Overall,  the 
sensor  was  100%  accurate  tn  diagnosing  cyanide  poisoning  for 
acutely  exposed  rabbits. 

■  CONCLUSIONS 

A  rapid  and  sensitive  cyanide  Held  sensor  was  developed  based 
on  the  detection  of  a  fluorescent  /Lisotndole  product  produced 
by  the  reaction  of  NDA,  taurine,  and  cyanide.  The  optimized 
sensor  consists  of  a  cyanide  capture  apparatus  with  two 
chambers  separated  by  sdicone  septa  punctured  with  small  bore 
stainless  steel  tubing.  Thu  conHguration  produced  a  linear 
range  of  1.5~10U  tdM  %vith  a  detection  liniit  of  0.25  for 
aipicous  cyanide  and  a  linear  range  of  3.13^200  fdM  with  a 
detection  bmit  of  0.78  >iM  for  raUiit  wlicde  blood.  None  of  the 
potential  interferents  produced  a  signal  that  could  be 
considered  a  false  positive  or  negative  for  cyanide  exposure, 
and  ihe  excellenl  storage  stability  of  the  capture  solution 
reagents  make  die  described  cyanide  sensor  highly  appbcable  to 
field  u«e.  Compared  to  the  rapid  and/or  portable  sensors 
shown  in  Table  2,  the  described  sensor  has  a  rapid  analysis 
time,  a  biologically  relevant  detection  limit,  and  no  known 
interferents.  Although  the  analysis  time  for  this  sensor  is  short, 
rapid  diagnosis  of  cyanide  may  be  limited  by  the  collection  of 
blood  (ue.p  a  finger  prick  with  a  lancet  and  collection  of  venous 
blood  by  trained  personnel  would  require  a  significant  amount 
of  time).  Studies  are  underway  to  link  the  salivary 
concentrations  of  cyanide  with  cyanide  exposure,  eliminating 
the  need  for  mvasive  and  potentially  lengthy  blood  collection. 

The  performance  of  the  sensor,  most  importantly  the  100% 
accurate  and  rapid  (<3  mm)  diagnosis  of  cyanide  exposure  tn 
rabbits,  is  promising  for  the  development  of  a  highly  robust 
field  portable  sensor  for  the  accurate  diagnosis  of  cyanide 
exposure.  Further  sensor  development,  specifically  fiKUsed  oo 
more  rapid  analysis  and  miniaturization,  is  currently  underway. 
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Absiract  As  analytical  method  utilizing  chemical  ioniza¬ 
tion  gas  chromatogiaphy'-mass  spectrometry  was  developed 
for  the  simultaneous  delermtnalion  of  cyanide  and  thiocya¬ 
nate  in  plastma.  Sample  preparation  for  dtis  analysis  required 
essentially  onc-step  by  combining  the  reaction  of  cyanide 
and  thiocyanate  with  penULnuorobcn/yl  bromide  and  simul¬ 
taneous  extraction  of  the  product  into  ethyl  acetate  facilitat¬ 
ed  by  a  pbase-tninsfer  catalyst,  tetrabutylammonium  suliate. 
The  limits  of  detection  for  cyanide  and  thiocyanate  were 
1  pM  and  50  nM.  respectively.  The  linear  dynamic  range 
was  tioro  10  pM  to  20  mM  for  cyanide  and  (h>m  500  nM  to 
200  uM  for  thiocyanate  with  ooirclation  cocflicicDts  higher 
than  0.999  for  both  cyanide  and  thiocyanate.  The  precision, 
as  measured  by  %RSD,  was  below  9  and  the  accurac}' 
was  wtUiin  15  %  of  tlie  nominal  concentration  for  all  quality 
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coolrol  standards  aoaly2ed.  The  gross  recoveries  of  cyanide 
and  thiocyanate  from  plasma  were  over  90  %.  Using  this 
method,  the  losicokinctic  behavior  of  cyanide  and  thiocya¬ 
nate  in  swine  plasma  was  assessed  following  cyanide 
exposure. 

Keywords  Cyanide  Thiocyanate  Method  dev  elopment 
Cbemical-ionizatioo  gas-chromatography  mass-spectrometry 


Introduction 

Cyanide,  as  HCX  or  OT,  is  a  deadly  chemical  fhat  can  be 
introduced  into  living  organisms  by  a  number  of  means, 
such  as  ingestion  of  edible  plants  (c.g.,  cassava,  spinach), 
inhalation  of  smoke  from  cigarettes  or  tires,  or  accidental 
exposure  during  indusuial  operations  fe.g..  pesheide  pro¬ 
duction)  [1-3]  Once  cyaiudc  is  introduced  into  cells,  it 
inhibits  cytochrome  c  oxidase,  which  subsequently  causes 
cellular  hypoxia,  cytotoxic  anoxia,  and  may  eventually  re¬ 
sult  in  death  [4J.  Several  literature  sourecs  have  reported  that 
the  half-life  of  CN^  is  less  than  one  hour  in  mammalian 
species  (e.g.,  humans,  rats,  pigs),  which  makes  contirTnation 
of  cyanide  exposure  via  direct  analysis  difficult  if  a  signif¬ 
icant  amount  of  time  has  elapsed  between  exposure  and 
analysts  [3,  5-t)].  Therefore,  other  markets  of  cyanide  ex¬ 
posure  have  been  proposed.  One  such  marker  is  diiucytmale 
(SCN~),  the  major  metabolite  of  cyanide.  In  the  presence  of 
a  sullUr  donor  (c.g..  Ihiosulfatc).  about  80  %  of  cyanide  is 
metHholbed  to  thiocyanate  through  an  enzyme  catalyzed 
reaction  (Fig.  1)  [7-9]. 

Numerous  procedures  have  been  developed  for  the  mdi- 
vidual  analysis  of  either  cyanide  or  thiocyanate  by  gas- 
chromatography  (GC)  [2.  10-18].  While  cyanide,  as  HCN, 
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Ilg.  1  The  coavetsion  of  cyanide  to  thiocyanate  and  reaction  of  these 
cyanide  exposure  markers  with  pentafluoroben^l  bromide  (PFB-Br) 


is  volatile  and  may  be  analyzed  by  head-space  GC  [11-13], 
thiocyanate  is  not  volatile.  Therefore,  SChT  must  be  chem¬ 
ically  modified  to  a  semi-volatile  compound  ibr  analysis  by 
OC.  Methylation  to  methyl  thiocyanate  with  dimetiiyl  sul- 
&te  [IS],  conversion  to  cyanogen  chloride  by  chloiamine-T 
[18,  19],  and  alkylation  with  pentafluoiobenzyl  bromide 
(PFB-Br)  [2, 10, 20]  are  among  the  methods  that  have  been 
reported  for  analysis  of  SCTT  by  QC.  After  GC  separation, 
CN~  and  SCN~  have  been  detected  using  electron  capture 
[21-23],  nitrogen-phosphorus  detection  [24-26],  and  mass 
spectrometry  (MS)  [2,  10,  27].  Although  each  detector  has 
advantages  and  disadvantages,  MS  detectors  have  several 
advantages,  including  extreme  sensitivity  and  the  ability  to 
perform  stable  isotope  dilution,  which  greatly  increases  the 
precision  of  most  bioanalytical  methods.  Therefore,  MS 
detectors  are  well-suited  for  detection  of  trace  amounts  of 
chemical  substances  from  biological  samples.  For  a  recent 
review  of  methods  for  the  analysis  of  cyanide  and  thiocya¬ 
nate,  refer  to  Logue  et  al.  [3]. 

Within  the  last  decade,  there  has  been  a  single  report  of 
the  simultaneous  analysis  of  OT  and  SCN"  fiem  biological 
fluids  by  GC-MS  [10].  PFB-Br  was  used  to  yield  volatile 
adducts  of  CN~  and  SCN~  (Fig.  1)  foam  saliva  samples,  and 
analysis  was  performed  using  electron  ionization  GC-MS. 
Although  the  extraction  and  analysis  of  CN~  and  SCN” 
were  simple,  the  chemical  modification  of  cyanide  and 
thiocyanate  was  only  55-65  %  efficient,  the  internal  stan¬ 
dard  did  not  correct  for  variations  in  the  derivatization 
reaction,  and  the  method  was  only  tested  with  saliva.  The 
detection  limits  for  the  method  were  1  )iM  for  cyanide  and 
5  pM  for  thiocyanate.  In  addition,  attempts  to  simultaneous¬ 
ly  analyze  plasma  CN~  and  SCN~  using  the  Paul  and  Smith 
[10]  method  in  our  laboratory  resulted  in  the  inability  to 
analyze  low  concentrations  of  CN“  because  of  an  unre¬ 
solved  interfering  species.  Therefore,  although  SCN~  was 

^  Springs 


easily  analyzed  feom  plasma  by  Paul  and  Smith  [10]  method,  a 
novel  method  was  necessary  for  simultaneous  analysis  of  CN” 
and  SCN~  fiom  plasma. 

In  the  current  report,  a  simple  and  sensitive  chemical 
ionization-gas  chromatography-mass  spectrometry  (CI-GC- 
MS)  method  for  the  simultaneous  detection  of  cyanide  and 
thiocyanate  fiom  plasma  is  presented.  This  method  was  used 
to  determine  cyanide  and  thiocyanate  concentrations  in 
swine  plasma  following  cyanide  exposure. 


Experimental 

Reagents  and  standards 

Sodium  cyanide  (NaCN),  sodium  tetraborate  decahy- 
drate,  sodium  hydroxide  (NaOH),  and  all  solvents 
(HPLC-grade  or  higher)  were  purchased  from  Fisher 
Scientific  (Pair  Lawn,  NJ,  USA).  Sodium  thiocyanate 
(NaSCN)  was  purchased  firom  Acros  Organics  (Morris 
Plains,  USA).  PFB-Br  was  obtained  fiom  Thermo  Sci¬ 
entific  (Hanover  Park,  IL,  USA).  The  phase  transfer 
catalyst,  tetrabutylammonium  sulfate  (TBAS;  50  %  w/ 
w  solution  in  water)  was  acquired  fiom  Sigma-Aldrich 
(St.  Louis,  MO,  USA).  Isotopically  labeled  internal 
standards,  NaS'^C’^N  (99  %  98  %  '^N)  and 

Na'^c'^N  (99  %  '^C,  98  %  ^’N),  were  acquired  fiom 
Isotech  (Miamisburg,  OH,  USA).  HPLC-grade  water 
was  used  to  prepare  aU  aqueous  solutions.  Single  cya¬ 
nide  and  thiocyanate  stock  solutions  (1  mM  each)  were 
prepared  and  diluted  to  the  desired  working  concentra¬ 
tions  for  all  experiments.  Note:  Cyanide  is  toxic  and  is 
released  as  HCN  in  acid  solutions.  Therefore,  all  sol¬ 
utions  were  prepared  in  a  well-ventilated  hood,  and 
aqueous  standards  were  prepared  in  10  mM  NaOH. 

Biological  fluids 

Swine  {Sus  scrofa)  plasma  was  acquired  fiom  tiuoe  sources: 
(1)  plasma  with  EDTA  anti-coagulant  was  purchased  fiom 
Felfioeze  Biological  (Rogers,  AR,  USA),  (2)  citrate  anti¬ 
coagulated  plasma  was  obtained  through  the  Veterinary 
Science  Department  at  South  Dakota  State  Universi^,  and 
(3)  cyanide-exposed  plasma  was  acquired  fiom  Wilfoid  HaU 
Medical  Center  (Lackland  Air  Force  Base,  TX).  Upon  re¬ 
ceipt,  the  plasma  was  fiozen  and  stirred  at  -80  ^C  until 
utilized  for  optimizmg  analytical  methodologies  for  sample 
analysis. 

Four  swine  (about  50  kg  each)  were  injected  (iutramus- 
culaily)  with  different  doses  ranging  fiom  7.5  to  15  mg/kg 
of  potassium  cyanide.  Arterial  blood  samples  were  drawn, 
and  plasma  was  taken  fiom  those  blood  samples  at  13 
different  time  points,  including  a  basehne,  15  min,  apaee 
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(around  9  minX  and  ten  additional  tune  points  post-apnea  (2, 
4, 6, 8, 10, 20, 30, 40,  SO,  and  60  min).  The  plasma  samples 
were  then  shipped  on  ice  to  SDSU  for  analysis  for  CN~  and 
SCN~.  The  swine  study  was  conducted  in  accordance  with 
the  guidelines  stated  in  “The  Guide  for  the  Care  and  Use  of 
Lahoratory  Animals”  in  an  AALAS  (American  Association 
for  Laboratoty  Animal  Science)  accredited  fodlity  and  were 
approved  by  the  ^tprophate  institutional  review  boards. 

Sample  preparation 

Spiked  and  non-spiked  biological  sanqiles  (100  |jl.)  were 
added  to  2  mL  micro-centiiiuge  vials.  Aliquots  (100  pL 
each)  of  Na^C^’N  (200  pM)  and  NaS“C"N  (100  pM) 
were  added  to  the  san^le  vials  as  internal  standards  along 
with  TBAS  (800  pL  of  10  mM  TBAS  in  a  saturated  solution 
of  sodium  tetraborate  deeahydiate,  pH  9.5)  and  PFB-Br 
(500  pi.  of  a  20  mM  solution  in  ediyl  acetate).  The  solution 
was  vortexed  for  2  min,  heated  at  70  °C  in  a  heating  block 
for  1  h,  and  centrifuged  for  4  min  (rocan  temperatiine)  at 
10,000  cpm  (9,300xg)  to  separate  the  atganic  and  aqueous 
layers.  An  aliquot  (200  pL)  of  the  sipematant  organic  layer 
was  then  tiansierrcd  into  a  GC-MS  autosanipler  vial  fitted 
with  a  200  pL  glass  insert  for  subsequent  GC-MS  analysis. 
The  total  sample  pieparatioc  time  was  around  1.5  h  and  was 
essentially  one  step. 

Gas  cfaromatogiaphy-mass  pectrometiy 

Prepared  samples  were  analyzed  for  PFB-CN  and  PFB-SCN 
using  an  Agilent  Technologies  6890  N  gas  chromatograph 
and  a  S975B  inert  XL  electron  ionization/chemical  ioniza¬ 
tion  mass  selective  detector  in  Cl  mode  with  a  7683  B  series 
autosampler.  An  80  %  dimethyl-20  %  diphenyl  polysilox- 
ane  capillary  column  (30  mx0,25  mm  ID,  0.5  pm  film 
tiiickness;  Restek,  Bellefonte,  PA)  was  used  with  helium 
as  tile  carrier  gas  at  a  flow  rate  of  1  mL/ntin  and  a  column 
head  pressure  of  8.10  psi.  The  injection  (splitless,  split  delay 
1  min)  volume  was  1  pL,  and  the  injection  port  was  held  at 
210  “C.  The  GC  oven  was  initially  heated  to  60  °C.  Upon 
injection,  the  temperature  was  increased  to  165  °C  at  7  °C/ 
min  and  then  elevated  to  270  °C  at  a  rate  of  50  “C/mm, 
where  it  was  held  for  1  min.  The  overall  analysis  time  was 
18.10  min  witii  PFB-CN  and  PFB-SCN  eluting  at  approxi¬ 
mately  8.3  and  12.1  min,  respectively.  It  is  to  he  noted  that 
the  internal  standards  co-elute  with  the  native  species,  thus, 
they  all  have  same  retention  time  as  that  of  the  native 
species.  Attempts  were  made  to  shorten  the  overall  run  time, 
but  the  resolution  and/or  symmetry  of  the  analyte  peaks 
became  unacceptable.  The  MS  source  and  MS  quad  temper¬ 
atures  were  250  °C  and  150  °C,  respectively.  Methane  was 
used  as  a  reagent  gas  for  positive  ion  Cl  with  electron 
energy  of  150  eV.  The  abundant  ions  of  PFB-CN  [mA, 


208  (95  %)  and  209  (5  %)],  PFB-"C”N  [m*,  210  (91  %) 
and  21 1  (9  %)],  PFB-SCN  [mA,  240  (93  %)  and  241(7  %)], 
and  FFB-S^’C'^N  [ra&,  242  (91  %)  and  243  (9  %)]  were 
monitored  with  selected  ion  monitoring  (SIM).  It  should  be 
noted  that  the  internal  standards  used  only  differed  by  two 
mass  units.  Therefore,  mass  canyover,  (i.e.,  potential  over¬ 
lap  between  naturally  oociuiing  stable  isotopes  of  the  target 
analyte  and  the  labeled  internal  staodaid)  must  be  consid¬ 
ered,  especially  at  high  analyte  concentrations  (e.g.,  a  sig- 
nificant  concentration  of  stable  isotopes  from  the  analyte  at 
may  contribute  to  the  internal  standaid  signal  causing  an 
overestimation  of  the  internal  standard).  Therefore,  a  rela¬ 
tively  large  concentration  of  internal  standard  was  used 
throughout  the  study. 

Calibretion,  quantification,  and  limit  of  detection 

Bioanalytical  method  validation  was  accomplished  by  gm- 
erally  following  the  Food  and  Drug  Administration  guide¬ 
lines  [28].  Aqueous  cyanide  and  thiocyanate  stock  sohitions 
(1  mM  each)  were  used  for  prqiaimg  calibration  and  quality 
contral  (QC)  standarxls.  From  the  stock  solutions,  calibra¬ 
tion  standards  for  CN~  (10,  20,  50,  100,  200,  SOO,  and 
1,000  pM)  and  SCN“  (0.5,  1,  2,  5,  10,  20,  50.  100.  and 
200  pM)  were  prepared  in  swine  plasma.  To  obtain  a  cali¬ 
bration  equation,  the  average  signal  ratios  form  analyses 
(i.e.,  peak-area  ratio  of  the  analyte  to  the  internal  standard) 
were  plotted  as  a  function  of  CN~  or  SCN~  concenttation. 
Peak  integration  was  performed  manually  foam  baseline  to 
baseline  in  ChemStation  software  (Agilent  Technologies, 
Sanla  Clara,  CA).  A  non-weigbted  and  a  wei^ted  (1/x^) 
least-squares  linear  fit  were  used  for  cyatude  and  thiocya¬ 
nate,  respectively.  The  best  model  for  each  analyte  was 
determined  by  a  weighted  sum-of-squares  analysis. 

For  determining  the  upper  limit  of  quantification 
(ULOQ)  and  lower  limit  of  quantification  (LLOQX  a  per¬ 
cent  relative  standard  deviation  (%RSD)  of  <10  %  (as  a 
measure  of  precision)  and  a  percent  deviation  within  ±20  % 
back-calculated  from  the  nominal  concentration  of  each 
callhratimi  standard  (as  a  measure  of  aceuiacy)  were  used 
as  inclusion  criteria  for  the  calibtation  standards.  QC  stand¬ 
ards  (N-5)  were  prepared  in  swine  plasma  at  three  different 
cancentrations — IS  (low  QC  standard),  75  (medium  QC 
standard),  and  350  pM  (high  QC  standard)  for  cyanide 
and  l.S  (low  QC  standard),  IS  (medium  QC  standaid),  and 
150  pM  (high  QC  standard)  for  thiocyanate.  The  QC  stand¬ 
ards  were  analyzed  in  quintuplicate  each  day  for  3  days  and 
were  run  in  parallel  with  the  calibtation  standards.  Inira- 
assay  precision  and  accuracy  were  calculated  foom  each 
day’s  analysis,  and  inter-assay  precision  and  accuiacy  were 
calculated  ftom  the  comparison  of  the  data  gathered  form 
three  separate  days.  It  should  be  noted  that  the  inter-amo> 
and  intra-assay  studies  were  conducted  within  1  week. 
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The  limit  of  detection  (LOD)  was  found  by  analyzing 
multiple  concentrations  of  CJT  and  SCad”  below  the  LLOQ 
and  determining  the  lowest  concentration  with  a  signal-to- 
noise  ratio  (peak-to-peak)  of  at  least  3. 

Selectivity,  stability,  and  recovery 

The  assay  selectivity  was  defined  as  the  ability  to  dififeten- 
tiate  and  quantify  the  analytes  (i.e.,  PFB-CN  and  FFB-SCN) 
in  the  presence  of  other  components  in  the  sample.  Selec¬ 
tivity  was  determined  by  comparing  three  blank  samples  of 
swine  plasma  with  spiked  swine  plasma  (330  pM  cyanide 
and  ISO  pM  of  thiocyanate)  and  determining  if  chemical 
cott^ronents  in  the  plasma  interfered  with  the  ability  to 
quantify  PFB-CN  and  PFB-SCN.  The  peak  asymmetry 
(d  J  was  calculated  by  dividing  the  front  half-width  by  the 
back  half-width  at  10  %  peak  height  [29]. 

For  evaluating  the  stability  of  cyanide  and  thiocyanate, 
swine  plasma  was  spiked  with  high  and  low  QC  concen¬ 
trations  of  each  analyte.  These  samples  were  then  stored 
under  multiple  conditions  (-80  °C,  -20  "C,  4  °C,  and 
room  terrrperature  (RT))  and  analyzed  over  multiple  stor¬ 
age  times.  Cyanide  and  thiocyanate  were  considered  to  be 
stable  under  the  conditions  tested,  if  the  calculated  con¬ 
centration  of  the  stared  sample  was  within  10  %  of  the 
initial  concentration.  For  the  long-term  stability  of  cya¬ 
nide  and  fiiiocyanate,  three  aliquots  of  spiked  plasma 
were  stored  and  analyzed  (each  in  triplicate)  on  the  day 
of  preparation  and  after  1,  2,  5,  10,  and  30  days  of 
storage  at  the  temperatures  indicated.  Freeze-thaw  stabil¬ 
ity  of  CN“  and  SCN^  and  autosarrqrler  stability  of  PFB- 
modified  CN^  and  SCN^  were  also  evaluated.  For  freeze- 
thaw  stability,  three  aliquots  each  of  the  high  and  low  QC 
standards  of  both  cyanide  and  thiocyanate  were  initially 
analyzed  and  then  stared  at  -80  °C  for  24  h.  The  sanqiles 
were  then  thawed  unassisted  at  room  temperature.  One 
set  of  samples  was  analyzed,  and  the  non-analyzed  sam¬ 
ples  were  refrozen  fr>r  24  h  at  -80  °C.  This  process  was 
repeated  two  more  tunes.  At  the  time  of  each  analysis, 
internal  standards  were  added  to  correct  ibr  variations  due 
to  sample  preparatian  and  instrumental  etiors.  To  deter¬ 
mine  the  autosampler  stability  of  PFB-modified  CN~  and 
SOT,  the  cyanide  and  thiocyanate  spQred  plasma  sam¬ 
ples  were  reacted  with  PFB-Br,  placed  in  the  sutosampler, 
and  analyzed  at  approximately  1,  2,  6,  12,  and  24  h. 

For  recovery  experiments,  three  aliquots  of  high,  medi¬ 
um,  and  low  aqueous  QC  standards  of  cyanide  and  thiocy¬ 
anate  were  analyzed  and  compared  with  plasma  samples 
spiked  with  equivalent  conceutiations  of  cyanide  and  thio¬ 
cyanate.  The  recoveries  of  cyanide  and  thiocyanate  were 
calculated  as  a  percentage  by  dividing  the  recovered  analyte 
concentration  by  the  calculated  ccncentratian  cf  the  appro¬ 
priate  aqueous  QC  standards. 
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RcsoUs  and  discussion 

GC-MS  analysis  and  selectivity 

For  simultaneous  analysis  of  cysnide  and  thiocyanate  by 
GC-MS,  CN”  andSCN"  weiereacted  with  PFB-Br  to  create 
semi-volatile  species,  PFB-CN  and  PFB-SCN  (F%.  1).  Rep¬ 
resentative  selected  ion  chromatograms  (SIM)  (i.e., 

208  for  PFB-CN  and  m/z=2\ 0  for  PFB-SCN)  of  non-spiked 
and  spiked  swine  plasma  and  spiked  water  sample  can  be 
seen  in  Figs.  2  and  3.  PFB-CN  and  PFB-SCN  elute  at  8.3 
and  1 2. 1  min,  respectively.  The  peak  shape  for  PFB-CN  was 
sharp  and  symmetrical  (d.=1.14)  while  the  peak  for  PFB- 
SCN  showed  some  tailing  (d,=2.40).  The  method  showed 
excellent  selectivity  for  CN“  and  SCN“  in  the  presence  of 
other  sample  constituents.  PFB-CN  ^owed  no  irtteifeting 
background  signal  (Fig.  2X  and  although  a  small  FFB-SCN 
peak  (8.3  iiM)  does  elute  from  non-spiked  swine  plasma 
(Fig.  3,  lower  trace),  this  was  attributed  to  endogenous 
thiocyanate  in  the  plasma  as  confirmed  by  MS  fiagmenta- 
tion  [10,  18].  Multiple  studies  have  shown  the  presence  of 
SCN~  in  biological  fluids  (e.g.,  plasma,  saliva,  urine)  from 
subjects  not  exposed  to  cyanide.  This  SCN~  hkely  comes 
fitnn  multiple  sources,  such  as  foods  (e.g.,  cheese,  milk, 
cabbage  family)  [30-32].  The  endogenous  swine  plasma 
SCN~  concentrations  for  the  swine  plasma  tested  in  our 
lab  ranged  fiom  8.2-46.6  pM.  For  corrqKirisoa,  the  endogenous 
plasma  SCN~  coneentrations  from  humans  (non-smokers) 
range  from  4.83-87.3  pM  [33-33],  If  die  peak  at  12.1  min  is 
considered  endogenous  plasma  SCN~,  both  analyte  peaks  were 
wdl-tesolved  from  any  inteifoiing  peaks  (S,=  13  from  the 
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Fi*.2  GC-MS  chromatogn^hs  of  PFB-CN  in  ipiked  (350  xq>per 

trace)  and  non-spiked  (lower  trace)  swine  plasma  monitoied  in  SIM 
mode  (ffi^=20S) 
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Time  (mill) 

Fi*.  3  GC-MS  cfaiomatograph&  of  PFB-SCN  in  Kpikcd  (150  pAl, 
Hpper  trace)  and  non-spiked  (tower  trace)  awine  plasma  monilnred 
in  SIM  mode  (m/i=24G) 

nearest  peak  at  7.7  mill  for  (not  shown)  andiis-dfiom  the 

nearest  visible  peak  at  11.8  nm  fi>r  SCN~). 

Detection  limit,  calibratiQn,  and  lineality 

The  LODs  (signal-to-noise-iatios  greater  than  3:1)  for  cya¬ 
nide  and  thiocyanate  were  found  to  be  1  pM  and  50  nM, 
respectively.  These  limits  of  detection  easily  allow  quantiS- 
cation  of  typical  biological  concentrations  of  both  cyanide 
and  thiocyanate  and  compare  fsvorahly  with  oflier  similar 
methods  [3],  Kage  et  al.  [2]  reported  the  detection  limits  for 
a  similar  GC-MS  method  to  monitor  cyanide  and  thiocya¬ 
nate  separately  in  whole  blood  to  be  10  and  3  pM,  respec¬ 
tively.  Paul  and  Smith  [10]  reported  limits  of  detection  to  be 
1  pM  for  cyanide  and  S  pM  for  thiocyanate  foom  saUva 
samples. 

Using  the  cuirent  method,  both  calibration  curves  for 
cyanide  (nnwei^ted)  and  thiocyanate  (weighted,  1/x^)  were 
found  to  be  linear  with  correlaition  ooefGcients  of  0.9999. 
The  calibration  curves  and  the  regression  equation  of  both 
cyanide  and  thiocyanate  in  plasma  samples  are  listed  in 
Thble  1.  The  LLOQ  was  found  to  be  10  pM  for  cyanide 
and  0.5  pM  for  thiocyanate.  The  ULOQ  was  20  mM  for 
cyanide  and  200  pM  for  thiocyanate.  The  linear  ranges  for 
CN~  and  SCN~  are  also  presented  in  Thble  1 .  It  is  interesting 
to  note  that,  while  the  typical  linear  ranges  for  GC-MS 
methods  span  two  orders  of  magnitude  [36-38],  the  linear 
range  of  CN~  for  this  method,  spanning  over  three  orders  of 
magnitude,  is  extraordinarily  large.  The  linear  range  of 
SCN~  is  also  excelleni^  although  it  does  not  cover  a  foil 


Ikble  1  LOD  and  lineality  of  cyanide  and  thiocyanate  in  swine 


Analyte 

LODCpM) 

Linearity  OiM) 

Regreteion  equations 

Cyanide 

1 

10-20,000 

y=0.0020x-0.0012 
(day  1) 

y=0.fl022z+0.0000 
(day  2) 

y=0.00 191+0.0022 
(day  3) 

ThiacyaaatB 

0.05 

0.5-200 

y=0.017x+0.034 
(day  1) 

y=0.017x+0.057 
(day  2) 

>-=0.01&+0.072 
(day  3) 

three  orders  of  magnitude.  The  stability  of  the  calihration 
curve  during  the  interday  study  was  excellent  as  evident  by 
the  stability  of  the  slope — 0.0019-0.0022  for  CN"  and 
0.016-0.017  for  SCNT.  LLOQs  and  ULOQs  were  not 
reported  by  Kage  et  al.  [2]  or  Paul  and  Smith  [10], 

Accuracy  and  precision 

The  accuracy  and  precision  of  the  method  were  determined 
by  quintaplicate  analysis  of  three  dififerent  QC  standards 
(IS,  75,  and  350  pM  for  cyanide;  1.5,  IS,  and  ISO  pM  for 
thiocyanate)  on  three  difforent  days  (Table  2),  The  precision 
of  the  method  was  excellent,  with  both  the  intra-assay  and 
itiier-assay  precisions  below  9  %  RSD.  The  accuracy  for 
intra-assay  and  inter-assay  analyses  was  also  excellent 
(±9  %  of  nominal  concentrations).  Full  accuracy  and  preci¬ 
sion  values  were  not  reported  for  the  Kage  et  al.  [2]  and  Paul 
and  Smith  [10]  methods,  although  for  a  single  sample  ana¬ 
lyzed  in  quintuplicate,  Paul  and  Smith  [10]  reported  a 
%RSD  of  11.6  %  for  CITand  4.3  %  for  SChT. 

Assay  recovery,  stability,  and  robustness 

Assay  recoveries  for  cyanide  and  thiocyanate  are  reported  in 
Table  3.  The  recoveries  for  both  cyanide  and  thiocyanate 
were  excellent  at  high,  medium,  and  low  analyte  concen- 
liatians.  The  recovery  of  cyanide  ranged  foom  91—99  % 
while  the  recovery  for  thiocyanate  ranged  from  92-93  %. 
These  recoveries  are  greater  than  the  80  %  recoveries 
reported  by  Kage  et  al.  [2]  and  55-65  %  recoveries  reported 
by  Paul  and  Smith  [10], 

Cyanide  and  thiocyanate  stabilities  were  evaluated  in  spiked 
plasiiui  at  -80,  -20, 4  °C,  or  R.T,  and  for  three  fieeze-lhaw  (FI) 
cycles.  Cyanide  was  stable  for  2  days  at  -80,  -20,  and  4  X  and 
was  quickly  removed  fiom  plasma  at  RT  (<1  b).  Forthe  fieeze- 
lhaw  stability  experiment;  the  concentratians  of  cyanide  and 
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Table  2  The  accura^  and 
cision  of  cyanide  and  Ihiocya- 
oete  analy^  fiom  spiked  swine 
plaanvi  by  Cl-GC-MS 


*QC  tnethod  validadoa  iN=5) 
far  day  3 

^eao  of  three  diffirait  da^  of 
QC  method  validation  (JV=1S) 


Analyto 

Concentxadan 

OjM) 

hitraassay 

Interassay 

AeeoEBcy  (%)* 

Precision  (%RSD)* 

Accuracy  (%)^ 

Precisioxi 

(%RSD)'’ 

Cyanide 

IS 

104.7 

2.2 

107.1 

5.2 

75 

100.4 

2.1 

101.3 

2.5 

350 

102.8 

1.7 

101,5 

1.1 

Thiocyanate 

1.5 

lOQ.L 

5.8 

98.4 

8.4 

15 

102.8 

2.6 

103.0 

3.6 

150 

92.1 

0.8 

92.  L 

1.6 

tfaioc)^nate  after  one  FT  cycle  were  within  10  %  of  the  origmal 
concaitratuiD  for  both  high  and  low  QC  standards  (qiproxi- 
matdy  92%  far  cyanide  and  97  %  for  thiocyanate).  For  FT 
cycles  2  and  3,  the  concentrations  of  cyanide  and  thiocyanate 
woe  below  10  %  of  the  initial  concentration  for  both  the  hig^ 
and  low  QC  standards.  The  concentrations  of  cyanide  and 
thiocyanate  fisU  alter  each  consecutive  FT  cycle  but,  for  both 
cycles  2  and  3,  the  stability  was  near  80  %  (±6  %)  of  the 
original  concentration  for  both  the  high  and  low  QC  standards. 
Tims,  FI  experimenis  suggest  that  CN~  and  SChT  are  stable 
for  no  more  than  1  ^le.  Low  temperatures  do  hurease  the 
stability  of  CN"  as  oonq^ared  with  RT,  presumably  because 
microbial  growth  and  the  rate  of  enzymatic  reactions  for 
cyanide  conversion  are  reduced  [39],  Althougji  this  is  the 
case,  cyanide  has  been  found  to  be  generally  unstable  at 
low  temperatures  compared  with  other  maricers  of  cyanide 
exposure  [40,  41]. 

The  instability  of  CN~  in  biological  samples  was 
expected  because  HCN  is  volatile  and  is  quickly  lost  fixmi 
biological  samples  at  pH  values  below  7-8  (HCN  pK.^9^). 
CN“  is  also  nucleophilic  and  may  react  with  sulfur- 
containing  compounds,  aldehydes,  or  ketones  to  form 
cyano-adducts  [42].  Previous  studies  have  found  that  cya¬ 
nide  can  convert  to  SCN“  under  common  storage  conditions 
P],  Analysis  of  SCN“  concentrations  during  the  stability 
study  shows  that  this  was  not  the  case.  Alternatively,  cya¬ 
nide  can  also  be  produced  fttm  biological  san^les  under 
certain  storage  conditions  [42].  Many  micro-organisms 


Tabic  3  Recovery  (expressed  as  percentage)  of  cyamde  and  thiocyap 
nste  fiom  ifiiked  swine  plasma  samples 


Analyta 

Concemtradon  (pM) 

Recovery  (%) 

Cyanide 

15 

91 

75 

99 

350 

95 

Thiocyanate 

1.5 

92 

15 

92 

ISO 

93 

produce  cyanide  as  a  result  of  putrefaction  or  single- 
carbon  metabolism  [43—45],  and  noii-^eci£c  oxidative 
reactions  may  produce  cyanide  foom  organic  compounds. 
The  loss  of  cyanide  daring  the  stability  e^eriments  indicate 
that  cyanide  generatian  does  not  occur  or  is  only  a  minor 
process.  Although  it  has  been  found  that  additives  may  help 
reduce  cyanide  loss  or  production  (e.g.,  addition  of  silver 
ions  can  help  stabilize  CN~  under  storage  and  active 
oxygen-scavenging  reagents,  such  as  ascorbic  acid,  reduce 
cyanide  production  [40,  43]),  the  use  of  additives  was  not 
evaluated  in  this  study. 

Thiocyanate  was  stable  for  up  to  5  days  at  —80,  ~20,  or 
4  and  1  day  at  RT.  It  has  been  found  that  SCN~  can  be 
converted  to  cyanide  in  the  presence  of  erythrocytes  [46],  or 
oxidizing  agents  such  as  nitrite  and  hydro^n  peroxide  in 
samples  under  storage  or  during  analysis  [45,  47].  Our 
observations  suggest  that  this  mechanism  is  not  a  major  loss 
mechanism  in  this  study  as  no  increase  in  cyanide  occurred 
in  the  san^les  as  thiocyanate  levels  decreased.  Thiocyanate 
has  also  been  found  to  bind  to  albumin  or  other  proteins 
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TiOUO^) 

4  GC-MS  total  ioQ  chromatographs  (TIC)  of  potassium  cyanide 
(7.5  mg/kg)  cigiosed  svnne  plasma  and  Don-exposed  swine  plasma 
(lower  trace%  both  without  intemal  standard 
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which  may  result  in  a  decrease  of  free  thiocyanate  concen- 
trations  [48]. 

Derivaidzed  cyanide  and  thiocyanate  stabilities  were  eval¬ 
uated  in  spiked  plasma  at  ^zoximately  1,2,6, 12,  and  24  h 
after  placement  in  an  autosampler.  The  calculated  concen¬ 
trations  of  both  cyanide  and  thiocyanate  were  within  10  % 
of  the  initial  concentration  at  all  times  tested.  Thus,  both 
derivatized  cyanide  and  thiocyanate  were  stable  for  at  least 
24  h  when  placed  in  an  autosan^ler. 

Applicatimi  of  the  mediod 

The  method  described  in  this  paper  was  used  to  analyze 
plasma  cyanide  and  thiocyanate  canceutrations  in  a  toxico¬ 
kinetics  study  of  acute  cyanide  exposure  in  pigs.  Figure  4 
shows  GC-M$  total  ion  chromatogr^hs  (TIC)  of  plasma 
samples  of  potassium  cyanide  (7.5  mg/kg)  exposed  (upper 
trace)  and  non-exposed  (lower  trace)  swine.  The  peaks  of 
derivatized  cyanide  (i.e.,  PFB-CN)  and  derivatized  thiocya¬ 
nate  (i.e.,  PFB-SCN)  are  observed  at  around  8.3  and 
12.1  min„  respectively.  The  method  presented  here  per¬ 
formed  very  well  in  this  study.  The  simple  san^le  prepara¬ 
tion  allowed  <tuick  analysis  of  the  large  number  of  samples 
and  standards  generated  from  the  study  and  the  low  LCX)s 
allowed  quantification  of  CN~  and  SCN~  in  all  plasma 
samples.  Ihe  full  results  of  this  toxicokinetic  study  will  be 
published  in  the  near  &tuie. 


Conclnsions 

A  simple  analytical  method  for  the  simultaneous  determina¬ 
tion  of  cyanide  and  its  major  metabolite,  thiocyanate,  was 
developed  using  CI-GC-MS.  The  described  analytical  meth¬ 
od  includes  one-step  sample  preparation  and  is  sensitive, 
accurate,  and  precise  with  high  recoveries.  In  addition,  the 
method  described  yielded  excellent  detection  limits  for  both 
CN~  and  SCN”,  and  large  linear  ranges  fin  CN~  and  SCN~ 
were  observed.  Sample  preparation  was  minimal  and  only 
lasted  ^proximately  1.5  h  for  single  samples,  and  within  a 
24'h  period,  approximately  70  parallel  samples  were  pro¬ 
cessed  and  analyzed.  The  ability  to  detect  both  cyanide  and 
thiocyanate  simultaneously  provides  efficiency  and  economy 
of  sarz^les  and  reagents,  as  well  as  a  reduction  in  labor  cost 
The  method  presented  was  able  to  identify  cyanide-exposed 
swine  in  a  pig  plasma  samples  in  a  toxicokinetics  study 
through  analysis  of  CN~  and  its  m^or  metabolite,  SCN~. 
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Cyanide  eauses  toxic  effects  hy  inhikHing  cytachrame  e  oxidase, 
rssultini  in  cailulnr  hypoxia  and  cytntBxiB  anoxia,  and  can  avantually 
had  to  dsatli.  Cyanida  axpoiura  can  ha  varifiad  by  direct  analysis  of 
cyanah  concantrah'ais  or  analyzing  Its  niatabniitss.  Including  thio¬ 
cyanate  (SCN~)  and  Z-nnlBO-Z-thlanllne-t-carbaxyllc  acM  lATCA) 
in  hinod.  To  datannina  dia  bahavior  of  dinan  aiarkart  Mlowhg  eyan- 
Ida  axpasuia,  a  tnxicckinetics  study  was  parfiirniad  in  thraa  animal 
niodels:  (i|  rats  (250-300  g),  (ii)  rabbits  13.5-4.2  kg)  and  (iii)  swine 
(41-54  kg).  Cyanida  raachad  a  maxtaiian  in  blood  and  dacinad  rap¬ 
idly  in  each  aniaial  modal  as  It  was  ahsaitad,  distributad,  malabo- 
lizad  and  aimiaatad.  Thiocyanata  cnncentnrtioni  rasa  mnra  slowly 
as  cyanide  was  tnzymallcally  converted  td  SCN~.  Concentrations 
of  ATCA  did  not  riaa  ilgnHIeantly  abava  dia  baiallna  In  the  rat 
modal,  hut  rasa  quiekly  in  rabbits  (up  to  a  40-fald  ineraasa)  and 
swine  (up  to  a  3-ioid  ineraasa)  and  Uien  fell  rapidly,  generally  follow¬ 
ing  tha  ralatha  bahavior  of  cyanida.  Rata  wan  adminiitarad  cyanida 
Bubcutanaouaty  and  Iba  apparent  half-lifa  {ti/2)  <*■*  datarminad  In 
bn  U10  min.  Rabbits  ware  adaiinistBnd  cyanida  iatravanouriy  and 
the  fi/s  was  datarminad  to  be  173  min.  Swine  ware  administarad 
cyanida  latravanouily  and  tha  win  datarminad  to  ha  25.9  min. 
Tha  SCN~  ri/2  in  rats  was  3,010  min,  but  was  not  calcnlatml  in  rab¬ 
bits  and  swine  because  SCN~  concentralions  did  not  reach  a  max¬ 
imum.  The  »i/z  ol  ATCA  vima  40.7  and  13.1  min  in  rabbita  and 
fwina,  raapactivaiy,  while  it  coidd  not  bo  datormbiod  h  rata  with  con- 
fidanca.  Tbo  carraiit  study  suggests  that  cyanide  expnsura  may  bo 
uortllad  shortly  after  exiiosure  bf  detormhlng  slgntflcatitty  olovoted 
cyanide  and  SCN"  In  each  animal  modal  and  ATCA  may  bo  used 
whan  tha  ATCA  dotaxificiition  pathway  ia  significatiL 


Introductioa 

Cyanide  (as  HCN  or  CN~y  represented  inchistrcLy  as  CN)  is  a  rap¬ 
idly  actlngg  toxic  chemical  that  can  be  readily  absorbed  by  Intuil- 
adon,  If^esbon  or  dermally.  After  CN  is  absorbed,  It  is  rapidly 
distributed  throughout  the  body,  causing  toxic  effects  by 
mechanisms  chat  include  inhibiting  cytochrome  c  oxidase, 
resulting  in  cellular  hypoxia  and  cytotoxic  anoxia,  and  can  even¬ 
tually  result  in  death  (1).  Cyanide  is  TolatUe  and  reactive  leading 
to  a  short  half-life  (i]/?).  It  is  difficult  to  determine  c^inide  ex¬ 
posure  by  direct  CN  analysis  if  significant  time  has  elapsed  (2- 
5).  Thus,  Indirect  biomarkers,  including  thiocyanate  (SCN~) 
and  2-amiao-2-diiazoline-4-carboxy1ic  add  (ATCA),  are  neces¬ 
sary  in  certain  situations  for  the  verification  of  cyanide  polsming. 


In  the  presence  of  a  sulfiir  donor  (eg.  thiosulfine)  and  a  sulfur 
transferase  coxyme  (e.g.  rhodanese),  ^80%  of  a  dose  of  CN  is 
metabolhred  to  SCN~  (2-4,  6).  Although  SCN~  has  been  used 
as  the  main  indirect  cyanide  e^msure  maiker,  it  can  be  difficult 
to  establish  definitive  CN  exposure  due  to  large  endogenous 
SCN~  concentrations  in  biological  fluids  (7-9).  Cyanide  can 
also  react  with  L-cystlne  through  a  proposed  intermediate, 
p-thiocyanoalanlne,  where  it  is  subsequently  transformed  into 
ATCA.  ATCA  is  a  minor  metabolite  of  CN,  and  it  hgs  been  sug¬ 
gested  that  it  accounts  for  ~15-20%  of  cyanide  metabolism  (6, 
10).  ATCA  may  be  useful  as  an  alternative  for  determination  of  CN 
exposure  because  it  does  not  metabolize  hirther  (6, 11, 12),  and 
it  is  a  chemically  stable  metabolite  under  most  storage  conditions 
(13»  14).  Although  It  Is  a  promisiag  maricer  of  CN  exposure,  there 
are  relative^  few  studies  on  die  behavior  of  ATCA  following  cyan¬ 
ide  cqKjsure,  and  die  direct  rdation^p  between  CN  e^qjosurc 
and  elevated  ATCA  concentrations  has  only  tenuously  been 
established  (4, 14-17). 

The  objeedve  of  the  current  study  was  to  simultaneously  de¬ 
termine  the  toxicoldtictic  behavior  of  CN,  SCN~  and  ATCA,  pro- 
yldiog  a  direct  evaluation  of  the  relationship  between  these 
biomarkers.  In  addition,  the  ability  of  CN  and  its  detoxificadon 
products  to  serve  as  cyanide  exposure  biomarkers  was  e^luated 
and  a  comparison  between  multiple  mammalian  species  was 
performed. 

Matarials  and  Methods 
CStemicals  and  samples 

All  chemicals  used  were  at  least  HPLC  grade  or  higher.  Potassium 
thiocyanate  (KSCN).  sodium  cyanide  (NaCN),  sodhim  tettaborace 
decahydiate  and  sodium  hydroxide  ^aOH)  were  all  purchased 
from  Fisher  Scientific  (Fkir  Lawn,  USA).  Tettabutylammonium 
sulfitte  (TBA^  30%,  w/w,  stdutloa  In  water),  used  as  a  phase  trans¬ 
fer  catalyst,  was  purchased  from  Sigma-Aldridi  (St.  Louis,  MO, 
USA).  Pentafiuorobenzyl  bromide  (PFB-Br)  was  obtained  firom 
Thermo  Scientific  (Haimver  Park,  IL,  USA).  Isotopicaliy  labeled  in¬ 
ternal  standards  (NaS‘^^‘^N  and  Na*^C‘^)  were  acquired  fi»m 
Isotech  (Mlamlsbu^  OH,  USA).  Solid-phase  extractioa  (SPE) 
MCX  (mixed-mode  cation  exchange)  columns  were  acquired 
ftotn  Waters*  Corporation  (Milford,  MA,  USA).  Deutetated  ATCA 
(ATCA-d2)  was  prepared  by  reaction  of  deuteraced  L-cysteine 
(3,5-d2)  with  cyanamide  (18)  and  provided  by  the  Department 
of  Veterans  Afiairs  Medical  Center,  Minneapolis,  MN,  USA. 
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iV-Methyl-JV-ttiniethjrkUyltri(luon»ceUmide  (MSTFA)  was  pur¬ 
chased  from  Place  Chemical  Conipaiiy  (Bockfotd,  II,  USA). 

Animab 

Three  difTerent  animal  models  were  used  in  this  study.  (1) 
Sprague-Oawley  rats  iKattut  norvegicus),  (11)  New  Zealand 
White  rabbits  (Oryctologus  cunicului)  and  (ill)  Yorkshire 
swine  (Sut  sero/o).  Male  Spra^e-Dawley  rats  weighing  250- 
300  g  (Charles  River  Breeding  Laboratories,  Inc.,  Wilmington, 
MA  USA)  with  cathetets  Implanted  were  kept  in  temperature 
and  light-controUed  rooms  (22  ±  2“C.  12  h  light/dark  cyde), 
fed  Teklad  Rodent  Dia  (W)  8604  (Teklad  HSD,  Inc,  WI,  USA) 
and  provided  with  water  at  Sam  Houston  State  University 
(Huntsville,  TX,  USA).  Babbits  weighing  3.5-4.5  kg  (Western 
Oregon  Rabbit  Supply,  Philomath,  OH,  USA)  were  housed  Indi¬ 
vidually  in  the  Animal  Resource  PacUity  (ARF)  of  the  (hllege  of 
Medicine  at  the  University  of  Callfotiila,  Irvine,  CA,  USA,  fed 
Purina  Pro-lab  (SL  Louis,  MO,  USA)  and  provided  with  water. 
Swine  (47-  54  k^  were  purchased  from  the  local  USDA  licensed 
breeder  Qohn  Albert,  Cibolo,  TX,  USA,  USDA  #74  A  1246)  and 
were  housed  in  paddocks  (outdoor  fenced  pastures)  and 
moved  into  indoor  pens  before  the  experimenta.  Ihcy  were  ftirn 
ished  with  Purina  Pro-Lab's  (St  Louis,  MO,  USA)  mlnl-pig-breeder 
diet  (5082)  and  provided  with  wata. 

All  animals  were  cared  Ibr  in  cooQtllance  with  the ‘Prlnc^iles 

of  Laboratory  Animal  Care"  formulated  by  the  National  Society 
for  Medical  Research  and  the  "Guide  for  the  Cate  and  Use  of 
Laboratory  Animals”  prepared  by  the  National  Academy  of 
Sciences  and  published  by  the  National  Institutes  of  Health 
(NIH  Publication  #86-23,  revised  1978).  AH  studies  involving 
rats,  rabbits  or  swine  were  reviewed  and  approved  by  the 
Institutloiial  Animal  Care  and  Use  Committee  (UCUC)  at  the  ap- 
ptoptlatc  insdtutlons. 

Hats  (Ar=  9)  were  injected  with  sub-lethal  doses  (A—  3)  of  po¬ 
tassium  cyanide  (KC^  solution  subcutaneously  [2  mg/kg  (25% 
HDso).  4  rog/kg  (50%  IJ>«,)  or  6  mg/kg  (75%  LDsOl-  to  orda  to 
establish  a  baseline,  blood  was  drawn  prior  to  injection  for  a 
“aero”  time  point.  Blood  samples  (320  gi)  were  also  drawn  at 
5, 15,  30,  60  min,  and  2, 4,  6, 12,  15  and  50.5  h  post-lnjcctloo. 
These  Mood  samples  were  placed  in  hcpaiinized  mbes  to  pre¬ 
vent  coagulatloa  The  tubes  were  then  oenuifuged  to  separate 
the  plasma  from  the  red  blood  cells  (RBCs).  A  portion  of  plasma 
was  removed  for  ATCA  analysis  (50  gL)  and  the  rest  was  hemo- 
lyzed  to  ptoduce  whole  blood  for  simultaneous  CN  and  SCN" 
analysis.  The  baseline  conccntiatian  for  CN,  SCN“  and  ATCA  in 
sallne-tieated  rats  showed  no  significant  change  In  the  concen¬ 
tration  over  the  duration  of  the  experiment. 

New  Zealand  White  rabbits  (111=  8)  were  anesthetized  with  an 
inttamuscular  injiwtion  of  a  2:1  ratio  of  ketamine  Ha  (100  ing/mL, 
Ketajcct,  Fboeniz  niaimaccuclcal  loc,  St  Joseph,  ML  USA):  xyla- 
zine  (20  mg/ml,  Anased,  Lloyd  Laboratories,  Shenandoah,  lA, 
USA)  at  a  dose  of  0.75  cc/kg.  Alta  the  intramuscular  Injecdoa, 
a  catheta  was  placed  in  the  animals’  marginal  ear  vein  to  admin- 
Ista  contlaoous  IV  kctamlnc/xylazlne  anesthesia.  The  am«irai« 
were  Intubated  and  were  mccbanically  ventilated  (dual  phase 
control  respirator,  model  32A4BEPM-SR.  Harvard  Apparatus, 
Chicago,  n.,  USA)  at  a  reapiratoty  rate  of  32  mla  S  a  tidal  volume 


of  50  cc,  and  KOj  of  100%.  Blunt  dissection  was  performed  to 
Isolate  the  femoral  attety  and  vela  on  the  left  thigh  fiat  cyanide 
infosion  andblood  sampling.  Sodium  cyanide  (10  mg)  dissolved  in 
60  mL  ofi  0.9%  Nad  was  administered  intravenously  through  the 
femoral  line  over  60  min.  Blood  samples  (300  gL)  were  drawn  at 

1 1  dlfiferenL  dme  points,  including  a  baseline  (time  “zero”),  20, 40 
and  55  min  during  CN  InfusloiL  Afta  the  cyanide  infusion  was 
completed,  seven  addlUocal  time  points  over  the  next  90  min 
at  60, 65, 75, 90, 105, 120  and  150  min  torn  the  start  of  the  ex¬ 
periment  were  drawn.  Arterial  blood  samples  were  collected  to 
heparinized  tubes  kept  on  ice  and  ccntrlfiigcd  to  separate  the 
plasma  The  plasma  samples  (1 50  gX)  were  then  Immediately  fto- 
zen  and  shlj^ed  on  ice  to  South  Dakota  State  Unlveislty  (SDSU) 
for  analysis  of  CN,  SCN  and  ATCA  The  baseline  concentration 

forCN,  SCN  and  ATCA  in  control  sallnc-tteatcd  rabbits  showed 

no  s^nificant  change  over  the  duration  of  the  experimerd:  At  the 
completloa  of  the  expetiment,  the  animals  were  euthanized  with 
an  intravenous  injection  of  1.0  cc  Euthasol  (390  mg  pento- 
baTOItal  sodium,  50  mg  pbenytoin  sodium;  Vlbrac  AH.  Inc,  Fnrt 
Wordi,  TX,  USA)  administered  through  the  marginal  car  veto. 

Swine  (Ar=  1 1)  were  Infused  Ituravenously  with  apptoxlmale- 
ly  (or  an  average  of)  1.7  mg/kg  potassium  cyanide  until  apnea 
occotied.  The  animals  were  then  observed  for  an  additional 
60  min.  Arterial  blood  (20  mL)  was  sampled  price  to  cyanide  ex¬ 
posure  (considered  bascUnc  or  dme  ‘zero'),  5  min  after  the  start 
of  the  cyanide  infusion,  5  min  into  cyanide  admloiscratioii,  at 
apnea  and  every  2  min  for  the  first  10  min  after  apnea,  and 
then  every  10  min  until  60  min  postapnea.  Blood  (4  mL)  was 
placed  In  an  EDTA  tube  and  ceotrllugcd  to  separate  the  plasma 
The  plasma  samples  (500  gX.)  were  then  fiozra  and  dripped  on 
ice  to  SDSU  for  analysis  of  CN,  SCN  and  ATCA 

Cy  onif  SCN~  attafytb 

The  whole  blood  samples  fitmi  rats  and  plasma  samples  firomiifo- 
bits  and.  swine  were  simultaneously  analyzed  for  CN  and  SCN~  by 
chemlcal-lonlzation  (CD  GC-MS  aftei  chemical  modification 
based  on  a  method  prcvlousty  reported  (19).  Briefly,  blood  sam¬ 
ples  (100  gl)  wete  added  to  2  mL  mlcrocemrlfiige  vials.  Internal 

standards  (100  gi)  of  Na'^C'^N  (200  gM)  and  NaS'^C^N 
(100  gM)  were  added  to  the  sample  vials  along  with  TEAS 
(800  gL  of  10  mM  TEAS  in  a  saturated  solution  of  soHintn  tetra. 
borate  decahydiate,  pH  9.5)  and  PFB-Br  (500  gL  of  a  20-mM  so¬ 
lution  in  etbyl  acetate)  and  vottexed  for  2  min  Samples  were 
then  heated  at  70“C  for  1  h,  and  centrifuged  for  4  min  at 
10,000  ipm  (9,300  x  g)  to  separate  the  organic  and  aqueous 
layas.  The  otgaole  layer  (200  gL)  was  collected  and  analyzed 
usiiig  CI-GC-MS.  The  concentnutons  fbt  both  CN  and  SCN~ 
were  well  above  the  detection  limit  of  the  analytical  method 
(*^1  gM  for  CN  and  50  nM  fiar  SCN~)  for  all  samples  analyzed. 

A71CA  onafyMb 

Rat,  rabbit  and  swine  plasma  samples  (50  gL)  were  analyzed  for 
ATCA  according  to  a  slightly  modified  procedure  previously 
reported  (20).  Briefly,  plasma  samples  (80  gX),  lotetnal  standard 
(ATCA-da;  120  gL  of  100  ng/mL)  and  300  gL  of  1%  HO  in  acet¬ 
one  were  added  to  a  2-mL  mlcroccntrlfuge  vial,  vortexed  for 
2  min  and  centrifuged  for  4  min  (room  temperature)  at 
10,000  tpm  (9,300  X  The  supernatant  was  transferred  to  a 
clean  microcentrifugc  tube,  1.0  mX  of  0.1  M  Hd  was  added, 
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and  ilic  S'aniplc  wus  u>pini(cd  ibmugh  u  pa'pared  mixcd  modc 
cation  cxcliungc  solid-phase  extraction  column  (1  mL).  The 
ATli/V  was  eluted  from  the  column  into  a  2-niL  microecntrifiigc 
tube  using  I  ml.  ot'a  wJler:methanol;amnu)iifum  hydroxide  solu¬ 
tion  1 25:50:25,  by  x  ulunte ).  Hydrochloric  acid  ( 2(X)  }j.L  of  0. 1  M ) 
was  added  to  the  mienKrentrifuge  tube  to  deenrose  the  pH  of  the 
sample  ( pH  <  II)  and  the  sample  x\us  dried.  Ilic  dried  samples 
were  reacted  with  2tK)  pi.  itf  30’ti  MSTFA  in  hexane  ft>f  04)  min  at 
50  C:  in  capped  centrifuge  lulics.  The  samples  were  then  aiw- 
lyzcd  using  eiectron*i(»nixaiion  GC-MS.  Tlic  conccntraiinns  fitr 
ATC.'A  were  well  above  the  detection  limit  of  the  anaivtical 
method  I'^O  nM)  for  each  plasma  sample  tested. 


I'tKcicokinetU'  umilysis 

Tile  blood  and  phisnia  conceniraiion-time  data  after  suheutane- 
iui.s  or  intraxenous  administration  were  analyzed  using  a  one- 
compartment  ioxict)kinciic  model  which  vxr^s  determined 
according  to  the  mcthtKls  previousl)  descrilu'd  (2l,  22). 
Concentration-time  cuncs  were  used  to  obtain  the  rna-ximum 
concentration  (Cn,4i*)  «»f  CX,  srx  and  AT<ZA  in  hlo»KJ  and 
plasma,  elimination  constants  (A^i)  and  terminal  elimination  half- 
life  with  inicrpohiiion.  A  linear  trapezoidal  method  was 

used  io  calculate  the  area  under  the  cune  (Al  >’(..)  lor  cyanide 
and  ATCA.  ’flic  puramelcrs  such  as  Kn,  /j  .j  and  Al’C  were 
not  calculated  for  thiocyanate  in  rahhit  and  .swine  models  be¬ 
cause  there  was  no  eltniinaiion  olxscrvcd  from  these  c\;K’rii!icn- 
lal  stihjecls  ihnmgtioui  the  duration  of  the  experimeiiLv  The 
data  presented  is  norniaJi/ed  to  the  ha.seliiie  concentration  of 
each  compound  to  alloxv  xariation  in  concentration.s  of  the  ana¬ 
lytes  ex  aluated  <CN.  sex  ‘  and  ATCj\)  to  he  ob-serxvd  on  the  same 


hgua*.  such  that  direct  comparison  of  the  relaihe  behavior  can 
moa*  easily  be  «>bscrxvd. 

Results 

Behavior  of  C\,  SCS~  anti  ATCA  JoUou'inji  cyanide 
exposure  in  Bats 

Pigurc  1  sht>w.s  the  normalized  CN,  SCN  and  ATC'A  concentra¬ 
tions  (i.e..  nonnaiized  to  the  baseline  concentniiion  of  the  each 
conipounxL  listed  in  Table  H)  fnim  rai.s  do.scd  at  6  mg'kg  KCN. 
The  baseline  conceniratlorLs  were  determined  to  be  9.95.  38.0 
and  (1.282  pM  for  CN.  SCN  and  ATflA.  rcspecibely  As  seen  in 
Rgure  I.  the  blood  CN  concemraiions  increased  rapidly  upon 
sulxuiancous  inicction  of  KCN  to  a  maximum  at  *^30  min  and 
then  declined  rapidly  xs  cyanide  xxus  distrihuted  and  metaho- 
li/ed.  The  CN  concentrations  then  lexelcd  off  ai  100  min  post- 
ex|>osurc  and  slowly  declined.  ThitK’yanaie  conceninulons  rose 
at  a  sloxx'er  rate  compared  xvith  (JN  and  then  declined  slowb'  ai  a 
rate  similar  to  that  of  cyanide  after  reaching  a  maximum  al 
120  min  postexposure  Thiocyanate  conceniratloii.s  remained 
well  ahoxT  baseline  for  the  duration  of  the  experiment, 
(ionstdering  the  variahiliiy  of  the  data.  AT(!A  concemraiions 
etiangcd  only  slightly  when  compared  witli  the  hu.sc')inc  concen¬ 
tration.  Similar  trends  for  all  markers  were  obscnetl  ft>r  each 
dose  of  ex-anlde 

Dose-cf>nceittration  beiMvior 

ITic  dose-bhKxl  concentration  a'lationship  for  CN  and  St:N  in 
rats  with  the  plotted  lor  each  dose  is  shown  in  Figure  2.  As 
the  dose  of  KtJN  increased,  there  was  an  expected  increase  in 


Figure  1.  Whole  Wood  CN,  SCN '  and  ptasrna  ATCA  notmah/tsd  concenttatiofls  alter  cyanide  exposute  (6  mg/kg  bocty  weight  KCN  infectton  subcutaneously  io  rats)  Irreibarsaie 
plotted  as  standaid  error  at  mean  iSEMt  (/V  ^  3).  Inset;  M  time  course  uo  to  50  5  h  post-w^bon  of  KCN 
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I>Mc  (mit/lcft) 

Figure  2.  Oose-concantiation  cuve  (or  ilvee  Urffstent  cktses  of  KCN  (2. 4  and  6  mg/kg| 
Miiected  subcutaneous^  to  rats  Error  bars  are  plotted  as  standard  error  of  mean  {SEMI 
W  =  3|. 

the  conecntmtioiui  of  CIN  and  SCN  .  Crantde  euncentratioii!» 
showed  ii  linear  res|)onse  lu  Inercxsing  C'.N  dose,  whereas  the 
dt>sc->rcsp<>nsc  of  ihi<KTanatc  was  non-lineur.  leerlin^  off  at 
'^t(VO  ^M.  with  the  4  mg/k^  dose  and  reiminin};  at  that  level  for 
the  6  nig/ kg  dose  Tliedose  a*spoiiscorATCA  wasnot  meaningful 
because  of  the  large  inicranimal  variability  of  plasma  ATOV  con¬ 
centrations  combined  w'ith  the  minor  increstse  in  compared 
with  hxsL'Iinc  concentratioas. 

Behavior  rtf  C\,  SCS'  anrl  ATCA  in  rabbits  after  cyanitie 
exftosure 

l-igiire  ^  shows  the  normalixed  plasma  concentrations  of  L.N. 
SC!N  and  A*I(!A  from  rabbits  (.V=  8)  cner  1^0  min.  l*he  bxsetinc 
concentrations  were  determined  to  be  S.Wi.  9.99  and  f).227  g-M 
for  CN.  M'.N  and  ATCIA,  respectively.  Hlasnia  CN  and  AT(iA  con¬ 
centrations  a'ached  a  maximum  at  min  ( 1-1.“  and  9.1  g.M  for 
CN  and  A'lXIA,  respccthch'l  and  then  declined  after  C\  adminis¬ 
tration  was  stopped  f'lasma  SCN  rose  .slowly  throughout  the 
duration  of  the  experiment  ( IS<|  min).  CN.  SCN  and  AT^H^ 
w'crc  mea.surahle  throughout  tlic  study.  ATCj\  concentrations 
clearly  rose  alHive  the  bxseline  by  a  larger  ratio  than  the  CN  or 
SCN  . 

Behavior  of  CM.  5C1V“  antiAlCA  after  cyanide  exprtsure 
In  sivine 

^■^gu^c  4  shiws  the  normali;ted  CN.  SCN  ami  ATCA  concenira- 
liorw  from  wine  ( .V=  II)  ewer  -lO  min.  Hie  bxscUnc  concenira- 
riiins  were  determined  to  be  5-8*^.  and  (>.1“*^  gM  for  CX, 
SCN  and  ATC/\.  respectively.  Plasma  CX  and  ATt  A  concentra¬ 
tions  reached  a  maximum  at  apnea  (i.e.,  the  U>-min  time  point) 
;uid  Uicn  declined.  'Hie  concentrations  of  e;ich  meiiihofiie  nor- 
muli/.c*d  to  the  baseline  are  ven  .similar  until  *1  min  posiapnca 
(i.c..  the  I  t  min  time  point  in  l-igure  4)  where  the  CN  and 


Figure  3.  Plasma  CN.  SCN  and  ATCA  normalized  conceriraiions  after  10  mg  NaCN 
infusion  to  rabbits.  Error  bars  are  ploned  as  standard  error  of  mean  (SEMI  |/V  »  8). 


Figuro  4.  Swtne  plasma  CN.  SCN  and  ATCA  noimaCited  concentmitons  during  and 
aftfli  intiavanous  dose  |0  17  mg/kg/mm  until  apnea,  '^lOrnm)  Error  bars  are 
pinned  as  standard  error  of  niean  (SEM)  \N^  11). 


AT(A  continue  to  dccrea.se,  but  the  SiCX  rises  slowh  through 
the  compielion  of  the  experiment  (40  min). 

Toxicokinetics  rtf  CS,  S<^S~  anti  ATCA 

A  summar)'  of  the  tnxicokinclic  parameters  tor  rats,  rabbits  and 
swine  is  presented  in  fable  I.  Ilte  Al'C,  C„„j^  and  /|  ^  were  calcu¬ 
lated  for  ;UI  three  markers  ufcs’anUle  exposure  with  the  e.xccp- 
lion  of  SCN  in  rabbits  and  swine  hecaiLsc  it  did  not  reach  a 
maximum,  uud  A'i'CA  in  rats  because  of  considerable  variabilit)' 
M  each  lime  point  and  the  vcr>  low  conceniraiion-s  of  AT(A  mea¬ 
sured  In  rat.s.  the  Al’C  ranged  from  >  H)‘  to  7,“^i  x  10*  and 
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Tvhlt  1 

Tha  Tomakinvlic  f^rorortare  of  Cynda.  Ililocyi 

Ariroals  Ajialyta  Matrix 

irate  sid  ATCA  In  DifFarant  Arlmd  Models 
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Pigs 
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1.7 
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3.0  0) 

N/A' 
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- 
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- 
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- 
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- 
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- 
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- 
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- 

834 13] 
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- 

- 

- 

- 

- 

20-60  (2, 27] 
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- 

- 

- 

- 

- 

144C-a840  {25. 26. 28.  29) 
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Plasma 

- 

- 

- 

- 

- 

- 

*nesilts  obtained  from  2  mg/l^  CN  dose  |l  1]. 

^Rasulta  cbtainad  from  4-mg)kg  CN  dose. 

’‘nnidts  from  8  mg/iQ  CN  dose. 

^ATCA  could  not  bo  evaluated  due  to  intennrnal  variabifty. 
‘Plesnu  VAS  used  %  (^nido  maiyaia  in  or  study. 

^SCN~  dH  not  reacn  maxlmutn  value  in  on  study. 


TeMe  II 

Endogenous  blood  CN  or  plasma  SCN~  and  ATGA  concentrations  from  humans,  rats,  rehbKs 
and  awiie  models 
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SAKty 
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*CN  enalyred  from  whde  Uood. 

^SCN~  aid  ATUA  woe  commorty  analyzed  from  plasma. 


2.27  X  10^  to  3.07  X  lO^fiJd  min  for  CTanlde  aod  thlocyaaate, 
respectively.  For  rabbits,  the  AUC  was  found  to  be  0.33  x  10^ 
and  $48  (iM  min  for  cyanide  and  ATCA,  respectively.  The  AUC 
for  swine  was  detenmaed  to  be  0.05  X  10^  and  75*4  ^LMmin 
for  cyaoltfo  and  ATCA,  rcspectivcty. 


Discwiiai 

The  toidcokiQetic  parameters  found  for  CN,  SCN~  and  ATCA  in 
this  study  are  presented  In  Table  1,  alongside  shnilar  studies  for 
comparison.  Freviou^y,  c^nide  has  been  found  to  be  rapidly 
absorbed,  distributed  and  subsequently  quickly  eliminated 
(2, 3i  23>  24),  with  a  ^/2  nngu^  from  14  to  60  nun.  Rapid  distri¬ 
bution  Of  CN  was  also  seen  in  our  study  for  each  model  tested 
(Figures  1,  3  and  4).  For  the  rabbits  and  swine,  CN  was  also  rap¬ 
idly  eliminated,  wldi  ii/2  values  of  '^27  and  178  min,  ^^ch  Is  in 
general  agreement  with  simitar  studies  (Ihble  I).  Conversely,  rata 
produced  a  much  loiter  mean  elimlnatlofi  half-life.  The  differ¬ 
ence  may  be  due  to  the  duratloa  of  our  study,  50.5  h  post 
cyanide-exposure  versus  1  and  24  h  In  the  Leuschnet  et  aL 

222  BlividvictaL 


(23)  and  Sousa  et  aL  (3)  studies,  respectively.  If  the  three  distii- 
butlofi/elimloatiofi  time  points  In  our  study  (ie.,  30,  60  and 
120  min)  are  used,  the  half-lifo  obtained  (ti/2  =  103  min)  Is  com¬ 
parable  with  that  seen  by  Sousa  et  al  (3),  and  perhaps  is  more 
reflective  of  cyanide  distrlbudon  than  elimination.  In  addition, 
the  other  studies  used  oral  dosing  versus  subcumneous  Injectloa 
in  the  tat  model  for  our  study.  Subcutaneous  injecdon  could  po- 
tendally  cause  a  rapid  absoipdon  and  distribudoa  of  CN,  versus  a 
slower  uptake  of  CN  through  the  digestive  tracL  If  alarge  dose  of 
cyanide  was  rapidly  absorbed  into  the  erythrocytes,  as  suggested 
by  Lundquist  et  al  (25),  our  data  would  surest  that  the  seques¬ 
tered  CN is  only  slowly  released  back  into  rat  jflasma  for  transport 
to  tissues  to  be  metabolized,  ^oie  blood  concentrations  were 
also  measured  in  muldpie  samples  from  each  individual  animal 
for  the  duration  of  the  current  study  versus  omlttple  animals  at 
each  time  point  in  previous  studies  (3,  23)-  The  fluid  volume 
removed  from  an  Individual  rat  was  10%  of  the  total  body 
fluid  volume.  Thus,  by  the  end  of  the  experiment,  despite 
being  provided  with  food  and  water  ad  lib,  our  experimental 
subjects  could  have  become  dehydrated,  causing  their  hemato¬ 
crit  to  be  elevated,  potentially  resulting  in  a  higher  levd  of  CN 
to  be  measured  at  later  time  points.  Further  Investigations 
would  need  to  be  conducted  In  the  rat  modd  to  verify  the  pro¬ 
longed  half-life  seen  in  this  study.  If  verlfled,  the  long  half-lifo  may 
indicate  the  abUity  of  rats  to  tolerate  ekrvated  levds  of  CN  over 
long  periods  of  time,  perhaps  due  to  a  relatively  huge  pool  of  se- 
questratiag  agents  (e.g.,  methemoglobin).  A  rdalively  large  pool 
of  sequestrating  agents  may  reduce  the  free  CN,  thereby  not 
overwhelming  normal  detoxification  pathway  leadii^  to 
increased  tolerance  of  CN. 

Thiocyanate  in  the  swine  and  rablnts  increased  at  about  the 
same  rate  as  CN,  while  the  formation  of  SCN~  In  rats  was  mark¬ 
edly  slower,  which  could  be  due  to  the  method  of  CN  adminis¬ 
tration,  subcutaneous  versus  intravenous.  At  each  dose,  the 
maximum  concentration  of  thiocyanate  in  rats  occurred  at 
around  1  h  after  cyanide  m^sure  and  stayed  relatively  consist¬ 
ent  for  several  hours  before  it  began  to  decrease.  The  extended 
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coQslstcnt  SCN~  concentratioDS  could  be  interpreted  as  havli^ 
reached  a  steady-state  between  formation  and  elimination  of 
thiocyanate.  The  mean  elimination  half-life  of  SCN~  in  rats  ran¬ 
ged  from  2530  to  3010  min,  and  much  longer  than  that 
was  ibund  in  the  Sousa  et  al  (2003)  study,  possibly  due  to  the 
reasons  prerlously  presented.  That  beii^  said,  the  half-life  of 
SCN~  in  tats  did  fall  within  the  range  of  human  SCN~ 
CTaWei). 

Thiocyanate  concentrations  were  still  increasmg  at  the  end  of 
the  rabbit  and  swine  studies,  and  would  be  ejected  to  peak  and 
decline  as  observed  in  rats  if  these  sfndies  were  lengthened.  It  is 
interesting  to  note  that  SCN~  declined  immediately  after  apnea 
in  swine  (Le;.,  after  KCN  administration  was  stc^p^),  and  then 
started  to  rise  slowly  after  the  d-min  postapnea  time  point  and 
continued  to  rise  for  the  duration  of  the  study  (Figure  3)'  This 
behavior,  which  is  atypical  compared  with  other  studies, 
is  lil^y  influenced  by  several  fretors.  Inidalty,  plasma  SCN~  levels 
rose  at  about  the  same  rate  as  the  infused  cyanide  levels,  reaching 
a  maximum  at  apnea,  su^esting  a  direct  correlation  between 
cyanide  and  thiocyanate  levels.  Then  the  plasma  SCN~  declined 
abruptly,  possibly  due  to  reduced  cardiac  output  leading  to  lower 
cyanide  delivery  to  the  detoxificadoa  sites  and  reduced  export  of 
thiocyanate  due  to  lack  of  blood  flow  in  tissues.  After  several  min- 
utes  of  reduced  SCN~  production  and  transport,  the  levels  of 
SGN~  increased,  until  the  end  of  the  experiment,  albeit  at  a 
slower  rate  than  initially.  The  secondary  rise  in  thiocyanate  pro¬ 
duction  would  suggest  that  once  the  initial  shock  of  apnea 
passes,  the  SCN~  detoxification  pathway  is  reinitiated,  althoi^ 
the  slower  rate  of  SCN~  production  might  suggest  some  Impait- 
mc.nt  in  this  process.  If  any  portion  of  the  CN  transport  or  hlo- 
transformation  is  energy-dependent,  the  pathway  might  become 
partially  disabled  by  undergoing  apnea.  If  the  swine  study  were 
to  be  lengthened  in  time,  the  SCN~  concentrations  should 
reach  a  maximum  and  decline,  as  observed  in  the  rat  study. 

Compared  with  cyanide  and  thiocyanate,  ATCA  had  the  lowest 
mean  elimination  half-life  in  rabbit  and  swine  models,  resulting  in 
shmter  resulence  time  in  the  plasma  (Table  Q.  In  the  rabbit  aod 
swine  modds,  ATCA.  generally  mimicked  the  behavior  of  CN,  but 
appears  to  he  a  minor  metabolic  pathway  for  cyanide  detoxifica¬ 
tion,  especialLy  in  rats.  Although  the  general  behavior  of  CN  and 
ATCA  in  each  model  is  similar,  the  difference  in  the  behavior  of 
normalized  KSCh.  concentrations  in  rabbits  (i.e.,  the  40-fokl  in¬ 
crease  above  baseline),  compared  with  swine  and  rats  (Le.,  only 
a  4-fbld  increase),  is  striking. 

To  investigate  the  likelihood  of  a  minimized  sulfur-donor 
Ide  detoxification  patlrway  causing  increased  production  of 
ATCA  la  rabbits,  species-dependent  rhodanese  concentrations 
in  multiple  animal  tissues  (e.g.,  liver,  kidney,  lung,  brain,  stomach 
and  muscle)  were  evaluated  from  literature  sources.  Among  all 
the  tissues,  Iddney  contains  relati-vely  large  amounts  of  rhoda- 
nese:  6.69,  24.9,  10.44-110.8  and  6.20-7.69  mg/g  tissue  In 
humans,  swine,  rats  and  rabbits,  respectively  (6,  26,  50,  31). 
The  lower  thodanese  concentrations  in  humans  and  rabbits  sug¬ 
gest  that  the  suliiur  donor  pathway  for  cyanide  detoxlficatioa  may 
be  leas  active  when  compared  with  swine  and  rata,  potentially 
leading  to  increased  ATCA  formation.  L-Cystlne  concentrations 
were  also  evaluated  with  only  a  few  studies  teportlng  liver  con¬ 
centrations  rangii^  from  22  to  77  and  20  to  300  nmol/g  tissue  in 
humans  and  tats,  respectively  (32,  33).  Because  the  ranges  of 
L-cystine  from  these  studies  are  similar,  it  is  unclear  as  to  If 


L-cystlne  concentrations  play  a  role  la  the  formation  of  ATCA  as 
opposed  to  thiocyanate.  Further  characterization  of  t-cystine 
levels  may  shed  some  light  on  this  hypothesized  explanation  of 
elm^ited  ATCA  In  rabbits. 

As  seen  in  Figute  2,  cyanide  exhibited  a  lituar  rdationship 
between  the  cyanide  dose  and  blood  concentratioas  under  the 
conditions  tested,  which  fundamentally  implies  that  cyanide 
has  rapid  and  complete  distributioo,  with  first-order  Jdnetic  behav¬ 
ior.  For  SCN~,  the  dose-concentration  behavior  wss  non-Iinear 
and  as  the  dose  of  cyanide  was  Increased,  the  plasma  concentra¬ 
tion  of  SCN~  initially  Increased  to  4  tng/Te%  where  It  remained 
essentially  constant  This  is  likely  due  to  saturation  of  the  sulfor- 
donor  pathway  for  cyanide  detoxlficatioa  As  mentioned  here 
previously,  the  ATCA  concentration -dose  behavior  was  not 
evaluated  due  to  the  large  interanimal  variability  of  plasma 
ATCA  concentrations  in  rats.  This  is  an  area  of  potential  future 
study  Iil»ty  best  invest^ated  m  rabbits. 

The  percentage  of  cyanide  converted  to  ATCA  in  this  study 
was  estimated  for  rats,  rabbits  and  swine.  Cyanide  conversion 
to  ATCA  was  calculated  as  a  percentage  by  dividing  the  maximum 
concentration  of  ATCA  in  each  model  over  the  total  maximum 
concenCration  of  cyanide,  thiocyanate  and  ATCA.  Coosidering 
that  cyanide  Is  distiibuted  in  the  range  ctf  70-96%  in  the  red 
blood  cells,  with  ihc  remainder  in  the  plasma  (25, 34),  it  was  esti¬ 
mated  that  '-0.10-0.78%,  2.46-9-19%  and  0.60-3.7%  of  the 
cyanide  dose  was  converted  to  ATCA  in  rats,  rabbits  and  swine, 
respectively.  Although  the  calculation  of  the  percentage  of  cyan¬ 
ide  conversion  to  ATCA  from  the  current  study  is  meant  to  be  a 
fou^  estimate  and  further  studies  should  be  undertaken  to  ac¬ 
curately  determine  the  amount  of  cyanide  converted  to  ATCA, 
our  calculations  are  significantly  lower  than  previously  reported 
estimates  of  15-20%  (6)  and  are  likely  even  overestimated  for 
swine  and  rabbits,  due  to  SCN~  failit^  to  reach  a  maximam. 
This  difference  is  likely  due  to  differences  in  experimental  pro¬ 
tocols,  where  Wood  and  Cool^  (6)  initially  administered  20  mg 
of  L-cystine-S^^  via  tail  vein,  and  after  15  and  25  mfo,  1  mg  of 
NaCN  was  subcutaneously  administered  The  added  {.-cystine  po¬ 
tentially  artificially  Increased  the  amount  of  ATCA  generated 

It  Is  well  known  that  all  biological  samples  cxuitaln  endogen¬ 
ous  concentrations  of  cyanide  and  its  metabolites  (4,  35-38). 
Therefore,  these  concentratlonB  were  measured  in  each  arnmal 
prior  to  cyanide  exposure  and  are  reported  in  Ikhle  JI,  alongside 
previous  applicable  work.  In  comparing  the  endogenous  concen¬ 
trations  of  CN,  SCN~  and  ATCA,  the  concentrations  found  in  rab¬ 
bits  are  closer  to  those  found  in  hutnans  than  the  rats  and  swine. 

Cracluion 

If  kidney  rhodanese  and  endo^ous  cyanide  concentrations  are 
indicatOTs  of  similarity  between  human  and  aninial  cyanide  me- 
taboli&m,  the  rabbits  would  be  more  similar  to  humans  than  rat 
and  swine.  If  the  rabbit  model  approximates  human  behavior, 
ATCA  appears  to  be  a  promisii^  candidate  for  early  di^nosis 
of  cyanide  poisoning.  Specifically,  ATCA  Shows  similar  behavior 
relative  to  cyanide,  it  increases  40-fold  above  baseline  concentra¬ 
tions,  does  not  metabolize  fiirther  (1 1, 14,  39)  and  it  is  exceed¬ 
ingly  stable  during  storage  of  plasma  samples  (14, 20),  something 
that  is  a  serious  issue  for  CN  and  SCN~  (4, 19).  Although  the  rab¬ 
bit  model  appears  to  be  the  closest  to  humans  In  a  number  of  in¬ 
direct  measurements,  future  work  should  address  the  absorption, 
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UihtrihuUtin  and  elimination  of  ATCA  in  humane  (c.g.,  fnmi  nilnr 
pnissidc  patients)  in  pantUd  with  rabbits  in  orUo'  to  confinn  ap> 
plicabtlir>‘‘orthc  rabbit  to  investigate  human  cyanide  fnetaboiism 
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Abstract  An  analytical  procedure  for  the  simultaneous 
detemvnation  of  cyanide  and  thiocyaiate  in  swine  plasna 
was  developed  and  validded.  Cyanide  and  thiocyanate 
weresimJtaneously  analyzed  by  high-performance  liquid 
chromatography  tandem  mass  spectrometry  in  negative 
ionizdicn  mode  ^er  tepid  and  simple  sample  preparaboa 
Isotopicatly  labeled  internal  standards,  Na’^’®N  and 
NaS”C’®N,  were  mixed  wi  h  swine  plasma  (spiked  and 
non^ked),  protanswerepreapitated  with  aoetoneithesan- 
ples  were  centrifuged,  arxt  the  s^iendait  was  removed  and 
dried.  Thedriedsarples  were  reconsbtuted  in  10  mM  ammo¬ 
nium  formate  Cyanide  was  reacted  with  n^)hthclaie2, 
3-dicarboxaidehyde  arxl  taurine  to  form  N-substituted 
1-cyarx3{f]benzDisoindole  while  thiocyanate  was  chemically 
modfied  with  rrxxTobromobimane  to  form  an  SCN-bimane 
product  The  method  produced  dynaricraigesof  0.1-50  and 
02-50  pM  for  cyanide  and  tfiocyande,  respectively,  with 
limits  of  detection  of  10  nM  for  cyanide  and  50  nM  for 
thiocyanate  For  quality  control  starxlards,  he  precision,  as 
measured  by  peoert  reldive  standa'd  de/idion,  was  below 
8  %,  and  the  acaiacy  was  within  ±10  %  of  the  rxxninal 
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oonoentrdion.  Following  vdidaicxr,  the  analytical  procedure 
succes^ully  detected  cyaiidearxf  thiocyanate  simitaneously 
from  the  plasma  of  cyanide-orposed  swi  ne. 

Keywords  Bioaralysis  Method  valida  ion  Chemied 
wdfaeagent  Monobromobimane 
Naphthalene2,3-dicafxwddehyde 


Introduction 

The  andyris  of  cyanide  (as  HCN  or  CN“,  induri  vely  rqxe- 
sented  as  CN)  in  bioiogied  fluids  is  of  forenac  relevance 
because  cyanide  is  a  highly  toxic  chemical  which  blocks 
termind  dectron  transfer  by  binding  to  cytochromec  oxidase, 
resulting  in  cyanide-mediied  histotoxic  anoxia  [1-3]. 
Cyanide  is  enzymdicdly  met^xrlized  in  vivo  to  tfiocyarde 
(SCN"),  i  n  the  presence  of  a  sUf  ir  derwr  (eg,  thi  osJf  ate)  [2. 
3],  asthemqor  met^xrlic  pdtwr^. 

Severd  analytic^  techniques  have  been  sucoesefiily  per¬ 
formed  for  theindvidud  analysisof  cyanide  and  tfiocyarde 
from  biologcd  fluids,  irxduding  speebophotometry  [4-6], 
gas chromatogrqphy-mass spectrometry  (GC-MS)  [7-9]  and 
liquid  chromdog’^rhy  [10-12].  While  analyss  of  CN  arxl 
SCN"  can  be  performed  sepaatdy,  ccxrsidering  the  lage 
number  of  samples  produced  for  ther^reubc  arxl  other  studies 
involving  cyande,  free  is  a  need  for  a  r^d,  accurate;  arxl 
reliable  melhcxl  which  can  simultaiecxjsly  ddemine  cyanide 
and  thiocyanate  Such  an  andy  led  method  should  simplify 
andysis  and  significantly  reduce  labor  costs  Al  hough  many 
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Table  1  Companson  of  some 
important  features  of  available 

Study 

Analytical  technique 

LOD(ijM) 

Time 

methods  for  simultaneous  cya- 
ni  de  and  thi  ocyanate  anal  ysis 
from  biological  fluids 

CN 

SCN" 

Total^(h) 

Analysisf^ 

(min) 

Biofluid(s) 

®Total  estimated  time  including 

Imanari  et  al.  [14] 

HPLOUV 

0.2 

02 

1  0 

30 

Uri  ne 

sample  preparaticn  and  final 

Toidaetd.[15] 

HPLC-FLD 

0.02 

0  02 

70 

24 

RBC/pIffima 

analysis 

Chinaka  etal.  [16] 

IC-UV-FLD 

0.0038 

0  086 

1  5 

30 

Blood 

^Time  necessary  for  completion 

Paul  and  Smith  [17] 

GC-MS 

1.0 

50 

09 

6 

Saliva 

of  the  analytical  technique  {not 
i  nd  udi  ng  sampi  e  preparati  on) 

Bhandari  et  al.  [13] 

GC-MS 

1.0 

0  05 

1  8 

18 

Rasma 

methods existfortheindividual  analysisof  CN  andSCN“[3], 
few  methods  have  been  developed  for  their  simultaneous 
determination  in  biological  fluids  [13-17].  These  methods 
are  summarized  in  Table  1.  Imanari,  Toida  and  co-workers 
[14,  ig  reported  high-performance  liquid  chromdography 
(HPLC)  methods  based  on  the  Kbnig  reaction  [18,  19]  for 
analysis  of  CN  and  SCN“  in  urine  with  spectrophotometric 
detec  ion  [14]  and  blood  with  fluorometricdetection  [1^.  For 
both  methods,  CN  and  SCN“  were  separated  using  a  strong- 
base  anion  exchange  column  and  subsequently  reacted  with 
chloramine-T,  pyridine,  and  barbituric  acid.  Although  the 
Imanari  et  al.  [14]  method  only  required  1  h  to  complete,  a 
much  longer  sample  preparation  time,  7  h,  was  necessary  for 
the  modification  of  this  method  for  blood  samples  [1^.  In 
1998,  Chinaka  et  al.  [16]  reported  an  ion  chromatographic 
method  for  the  simultaneous  determination  of  CN  and  SCN“ 
in  blood,  where  CN  was  derivatized  with  naphthalene-2,3- 
dicarboxaldehyde  (NDA)  and  taurine  for  fluorometric  detec¬ 
tion,  while  unreacted  SCN“  \nss  detected  spectrophotometri- 
cally.Whilethis  method  produced  excel  I  ent  I  i  mits  of  detect!  on 
(LCDs)  for  CN  and  SCN“,  the  b^ine  found  for  SCN“  was 
high,  other  anions  common  to  blood  were  found  to  Interfere 
with  SCN'analysis,  and  themethod  took  1. 5  h  to  complete  In 
2006,  Raul  and  Smith  [17]  reported  a  method  for  simultaneous 
analysisof  CN  and  SCN“  using  GC-MSafter  reaction  of  both 
anionswith  pentafluorobenzyl  bromide  (PFB-Br).  The  meth¬ 
od  had  a  number  of  disadvantages,  including  relatively  high 
LCDs,  the  method  was  only  applicable  to  human  saliva,  and 
the  i  nternal  standard  used  di  d  not  correct  f or  vari  ati  ons  i  n  the 
derivatization  reaction.  Recently,  we  de/eloped  a  similar 
method  for  the  simultaneous  analysis  of  CN  and  SCN“  in 
swine  plasma  using  PFB-Br  wi  h  GC-MS  analysis  [13].  The 
method  featured  eccellent  accuracy,  precision,  and  LODs 
However,  the  analysis  time  w$  long  with  an  overall  analysis 
time  (sample  preparation  and  GC-MS  analysis)  of  approxi¬ 
mately  2  h. 

The  goal  of  he  work  presented  here  was  to  de/el  op  a  rapi  d 
and  robust  HPLC-MS-MS  method  for  the  simultaneous  de¬ 
termination  of  CN  and  SCN“  as  a  complementary  method  to 
those  already  established,  with  anticipated  advantages  includ¬ 
ing  rapid  analysis  time,  low  LCDs,  and  high  selectivity.  The 
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developed  method  was  applied  to  simultaneously  determine 
CN  and  SCN“  i  n  he  pl^ma  of  cyanide-ecposed  swi  ne. 


Experimental 

Materials 

Reagents  and  standards 

Sodium  cyanide,  sodium  hydroxide  (NaOH),  and  all  solvents 
(HPLC-grade  or  higher)  were  purchased  from  Fisher 
Scientific  (Fair  Lawn,  NJ,  USA).  Sodium  thiocyanate  was 
purchased  from  Acros  Organics  (Morris  Rains,  NJ,  USA). 
NDA  was  obtained  from  Tokyo  Chemical  Industry,  America 
(Portland,  OR,  USA).  Taurine  was  acquired  from  Alfa  Aesar 
(Ward  Hill,  MA,  USA).  Monobomobimane  (MBB)  was  pur¬ 
chased  from  Fluka  Analytical  through  Sigma-Aldrich  (St. 
Louis,  MO,  USA).  Ellman's  reagent  (5,5’-dithiobis  2- 
nitrobenzoic  acid)  was  obtained  from  Thermo  Scientific 
(Hanover  Park,  IL,  USA).  Isotopically  labeled  internal  stan¬ 
dards,  NaS’’^’’^  and  Na^^^^N,  were  acquired  from  Isotech 
(Miamisburg,  OH,  USA).  Ammoniumformde  was  purebred 
from  Sigma-Aldrich  (St.  Louis,  MO,  USA). 

Sngle  cyanide  and  hi ocyanate  stock  solutions  (1  mM  each) 
were  prepared  and  di  I  uted  to  the  desi  red  worki  ng  concentre  i  ons 
for  al  1 0<peri  ments  Stock  sol  u  i  ons  of  N  DA  (4  mM )  and  tauri  ne 
(50  mM)  were  prepared  in  methanol  and  deionized  water, 
respectively.  Ellman's  reagent  (10  mM)  was  prepared  in  phos¬ 
phate  buffer  (001  M,  pH  7).  A  MBB  solution  (4  mM)  was 
prqjared  in  0.1  M  borate  buffer  (pH  8.0).  The  NDA,  taurine, 
Ellman's  reagent,  and  MBB  solutions  were  stored  d  4  °C  in  he 
dark.  (Note  Cyanide  is  released  as  HCN  from  solutions  with 
pH  values  near  or  below  the  pKg  of  HCN  (pKa=9.2).  Thus,  all 
aqueous  standards  contai  ni  ng  cyan!  de  were  prepared  I  n  1 0  mM 
NaOH  and  handled  in  a  well -ventilated  hood). 

Biological  fluids 

Citrde  anti -coagulated  swi  ne(Susscrofa)  pi  aenna  was  obtain¬ 
ed  through  the  Veterinary  Science  Department  at  South 
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Dakota  State  University  and  plasma  from  cyanide-exposed 
swine  was  obtained  from  the  laboratory  of  Dr.  Vikhyat  S. 
Bebarta  at  Wilford  Hall  Medical  Center  (Lackland  Air  Force 
Base,  TX).  For  the  cyanide-etposed  swine,  11  swine  (about 
50  kg  each)  were  intramuscularly  injected  wi  h  1.7  mg/kg 
potassium  cyanide.  Blood  samples  were  collected  (4  mL), 
pi  aced  i  n  EDTA  tubes,  and  centrifuged  to  separate  he  pi  asma 
The  plasma  samples  (500  pL)  were  then  frozen  and  shipped 
on  ice  to  South  Dakota  State  University.  Upon  receipt,  all 
plasma  samples  were  stored  at  -80  °C  until  analyzed.  All 
ani  mal  procedures  were  conducted  with  the  gui  del  i  nes  stated 
in  "The  Guide  for  the  Care  and  Use  of  Laboratory  Animalsi’ 
(National  Academic  Ff'essi  1996).  The  research  facility  where 
the  pi  asma  was  gathered  was  AALAS(American  Associ  ati  on 
for  Laboratory  Animal  Science)  accredited  and  all  the  ani  mal 
protocols  were  approved  by  the  appropriate  institutional  re¬ 
view  board. 

Methods 

sample  preparation 

R  asma  (spi  ked  or  non-spiked,  200  p  L)  was  added  to  a  2  mL 
micro-centrifuge  vial  along  with  50  pL  each  of  100  pM 
NaS^^C^®N  and  Na^^C^^N.  Acetone  (400  pL)  was  added  to 
the  sample  to  precipitate  plasma  proteins  and  the  vial  was 
vortexed  for  2  min  and  then  centrifuged  for  5  min  at 
13,200  rpm  (16,200xg;  Thermo  Scientific  Legend  Micro 
21R  Centrifuge,  Waltham,  MA,  USA).  An  aliquot  (500  pL) 
of  thesupernatant  wasthentransf  erred  toa4-mL  glass  screw- 
top  vial  and  dried  under  N2(g)  f  or  1 5  mi  n  at  room  temperature 
(RT)  (Reacti-vaplll,  Rerce,  Rockford,  IL,  USA).  After  dry¬ 
ing,  the  sample  was  reconstituted  with  200  pL  of  10  mM 
aqueous  ammoni  urn  formate.  N  DA  and  tauri  ne  (50  p  L  each) 
were  added  and  mixed  thoroughly  to  produce  an  N- 
substituted  1-cyano[f]benzoisoindole  (CBI)  (Fig.  1).  An 


CBI 


Fig.  1  Schematic  representation  of  the  reaction  of  NDA  and 
taurine  in  the  presence  of  cyanide  to  form  an  N-substituted  1- 
cyano[f]benzoisoindole(CBI )  complex 


al  i  quot  ( 1 00  p  L )  of  El  I  man's  reagent  was  added  to  react  with 
free  thiols  in  solution  and  vortex-mixed  (1  min).  MBB 
(1 00  p  L )  was  then  added  to  produce  the  SCN-bi  mane  com¬ 
plex  shown  in  Fig.  2.  Thesamplewas  heated  onablock  heater 
(VWR  International,  Radnor,  PA,  USA)  at 70  °C for  15 min. 
After  filtration  with  aO.22  pm  tetrafi  uoropolyet  hylenemem- 
branesyri  ngefilter,analiquotofthepreparedsample(100pL) 
wastransferredintoascrew-top  autosampler  vial  (2mL)with 
al  50-p  L  gl  assi  nsertf  or  subsequent  HPL  C-M  S-M  Sanal  ysi  s. 
The  analysis  of  cyanide  through  reaction  with  NDA  to  form 
CBI  was  originally  suggested  by  Sano  et  al.  [20].  To  our 
knowledge,  the  analysis  of  SCN”  using  MBB  to  produce 
an  SCN-bimane  product  is  first  suggested  here.  In  previ¬ 
ous  studies,  it  was  thought  that  MBB  reacts  with  free 
thiols  only  [21,  22]. 

HPLC-MS-MS  analysis 

Repared  samples  were  simultaneously  analyzed  for  CBI  and 
SCN-bimane  (Figs.  1  and  2)  using  a  Shimadzu  HPLC  (LC- 
20AD,  Shimadzu  Corp.,  Kyotu,  Japan)  with  a  Phenomenex 
Kineter  XB-C18  RP  column  (50x2.10  mm,  2.6  p  100  A) 
protected  by  a  Synergi  2.5  p  Fusion-RP  100  A  Cl  8  (both 
Phenomenex,  Torrance,  CA,  USA)  guard  cartridge  (lOx 
200  mm,  i  d.).  Each  chromatographic  analysis  was  carried 
out  with  mobile  phase  components  of  aqueous  10  mM  am¬ 
monium  formate  (mobile  phase  A)  and  10  mM  ammonium 
formdein  methanol  (mobile phase  B).  An  aliquot  (10  pL)  of 
the  prepared  sample  was  separated  by  gradient  flow  at 
025  mL/min  and  40  °C.  The  concentration  of  B,  initially 
50  %,  was  increased  linearly  to  100  %  over  3  min,  held  at 
100  %  for  1  min,  decreased  linearly  to  50  %  over  1  min,  and 
held  constant  for  2  min  to  re-equilibrate  the  column  between 
samples.  An  AB  Sciex  Q-trap  5500  MS-MS  (Applied 
Biosystems,  Foster  City,  CA,  USA)  with  multiple  reaction 
monitoring  (MRM)  was  used  to  detect  CBI  and  SCN- 
bi  mane  using  el  ectronspray  ionization  (ESI )-MS-MS  operated 
in  negative  polarity.  Nitrogen  gas  (30  psi)  was  used  as  he 
curtain  and  nebulization  gas.  The  dwell  time  was  100  ms  for 
all  MRM  transitions. Theionsourcewasoperated at -4,500  V 
and  500  °C  with  neubilizer  (GS1)  and  heater  (GS2)  gas 
pressures  at  40.0  and  60.0  psi,  respectively.  The  collision  cell 
wss  operated  with  an  entrance  potential  of  -5  0  V  and  a  cel  I 
potential  of  -7.4  V,  with  a  medium  collision  gas  pressure 

Calibration,  quantification,  and  LOD 

The  calibration  and  quality  control  (QC)  standards  were  pre 
pared  from  aqueous  cyanide  and  thiocyanate  stock  solutions 
(200  pM  each).  All  thecalibraion  standards  for  CN  (0.01, 
002,  0.05,  0.1, 0.2,  0.5, 1,  2,  5, 10,  20,  50,  and  100  pM)  and 
SCN-  (0.01,  0.02,  0.05,  0.1,  0.2,  0.5,  1,  2,  5,  10,  20,  50  and 
1 00  p  M )  were  prepared  i  n  a/vi  ne  pi  asma  The  peak  area  si  gnal 
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Fig.  2  Schemctic  representation 
of  the  M  B  B  thi  ocyanate  reaoti  on 
to  form  a  9CN-bi  mane  product 


ratios  (i.e.,  the  peak  area  of  the  analyte  transition  divided  by 
the  peak  area  of  the  internal  standard  transition)  were  plotted 
as  a  function  of  calibrator  concentration.  Both  nonweighted 
and  weighted  (1/x  and  1/x^)  linear  call  bra  ion  curves  were 
prepared  by  le^  squares  and  a  nonweighted  linear  fit  \nss 
found  to  best  describe  the  calibration  datafor  cyanide,  with  a 
1/x^  weighted  linear  fit  used  for  thiocyanate.  A  computer 
workstation  running  Analyst™  software  1.4.1. 
(Farmingham,  MA,  USA)  was  used  for  data  acquisition  and 
peak  integration. 

The  uppa"  limit  of  quantification  (ULOQ)  and  the  lower 
limit  of  quantificdion  (LLOQ)  were  defined  by  investigation 
of  calibrators  which  satisfied  the  following  inclusion  criteria 
(1)  a  percent  relative  standard  deviation  of  <10  %  (as  a 
measure  of  precision)  and  (2)  a  percent  deviation  within 
±20  %  back-calculated  from  the  nominal  concentration  of 
each  calibration  standard  (as  a  measure  of  accuracy).  Three 
QC  standard  concentra  ions  were  prepared  in  swine  plasma 
for  CN  (0.3,  3  and  15  pM  as  low,  medium,  and  high,  respec¬ 
tively)  and  SCN“  (0.7,  4,  and  15  pM  as  low,  medium,  and 
high,  respectively)  and  were  analyzed  in  quintuplicate(N=5) 
each  day  for  3  days.  These  QC  standards  were  analyzed  in 
parallel  with  the  calibration  standards.  Intra-ass^  precision 
and  accuracy  of  the  me  hod  was  assessed  by  analyzing  repli¬ 
cates  of  the  QC  standards  from  each  day's  anal  ysi  a  I  nter-assay 
precision  and  accuracy  of  the  method  were  calculated  by 
comparing  the  QC  standards  from  three  separate  days.  The 
intra-  and  inter-^say  investigations  were  performed  within 
seven  calendar  days. 

The  LCDs  were  estimated  by  analysisof  multiple  concen¬ 
trations  of  CN  and  SCN“  below  their  respective  LLQQ.  The 
L  OD  was  def i  ned  as  the  I  owest  anal  yte  concentra  i  on  repro- 
duci  bl  y  product  ng  a  si  gnal  -to-noi  se  rati  o  of  3  whi  ch  contai  ned 
bo  h  M  RIVI  transitions.  Noise  \nss  calculated  as  the  peak-to- 
peak  noise  directly  adjacent  to  the  analyte  peak. 

Selectivity,  stability,  and  recovery 

The  ability  to  differentiateand  quantify  CBI  and  SCN-bimane 
i  n  the  presence  of  other  pi  asma  components  (assay  sel  ecti  vi  ty ) 
was  determi  ned  by  compari  ng  bl  ank  swi  ne  pi  asma  (tri  pi  i  cate) 
wi  h  spi  ked  swi  ne  pi  EEma  ( 1 5  p  M ,  tri  pi  i  cde)  by  the  procedure 
described  earlier.  Matrix  effects  were  also  investigated  by 
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creating  a  calibration  curve  in  aqueous  solution  and  one  in 
plasma  and  evaluating  the  similarity  of  the  curves  There  was 
no  significant  difference  between  the  two  curves  indicating 
that  matrix  effects  were  not  important.  Symmetry  of  the  chro¬ 
matographic  peaks,  as  measured  by  peak  asymmetry  (As), 
wase/aluated  by  dividing  thefront-width  by  the  back-width 
d  10  %  peak  height  [23], 

The  short-  and  long-  term  storage  stability  of  cyanide  and 
thiocyanate  was  e/aluated  using  swine  plasma  spiked  with 
high  and  low  QC  concentrations  of  each  analyte.  For  short¬ 
term  stability,  both  the  low  and  high  QC  samples  were  eval¬ 
uated  in  the  autosampler,  on  the  bench-top,  and  under  multiple 
freee-thaw  (FT)  conditions.  The  autosampler  stability  of  CBI 
and  SCN-bimane  was  e/aluated  for  prepared  cyanide  and 
thiocyanate  QC  ^andards  (both  high  and  low)  after  placing 
the  QC  standards  i  n  the  L  C  autosampi  er  at  1 5  °  C  and  anal  yz- 
i  ng  at  approxi  mately  0, 1 , 2, 4, 8, 1 2,  and  24  h.  The  bench-top 
stability  of  CBI  and  SCN-bimane  was  e/aluated  using  QC 
standards  which  were  allowed  to  stand  at  room  temperature 
(RT)forO,  1, 2, 4, 8, 12,  and  24  h  prior  to  analysis  FT  stability 
was  evaluated  by  initially  analyzing  three  aliquots  each  of  the 
high  and  low  QC  concentra  ions  (i.e,  the  same  day  of  sample 
preparation)  and  then  freezing  and  storing  all  standards  at 
-80  °C  for  24  h.  The  standards  were  then  thawed  unassisted 
at  RT,  analyzed  and  compared  with  the  initial  analysis  The 
remaining  standards  were  again  frozen,  tha/ved,  and  analyzed. 
In  total,  this  process  was  performed  for  hree  FT  cycles  It 
shoul  d  be  noted  that  i  nternal  standards  were  added  to  the  QCs 
directly  prior  to  sample  preparation,  exclusive  of  autosampler 
stability,  to  correct  for  variations  due  to  sample  preparation 
and  instrumental  errors 

Both  low  and  high  QC  standards  were  also  used  for  long¬ 
term  stability  studies.  The  QC  standards  were  stored  at 
-80  °C,  -20  °C,  4  °C,  and  RT.  These  standards  were  analyzed 
in  triplicate  on  the  day  hey  were  prepared,  and  after  1,  2,  5, 
10, 20,  and  30  days.  Cyanide  and  thi  ocyanate  were  considered 
stable  if  the  calculated  concentrations  were  within  ±10  %  of 
the  original  concentration. 

The  assay  recovery  of  each  compound  was  determined 
from  spiked  swine  plasma  and  spiked  aqueous  samples  at 
low,  medium,  and  high  QC  concentrations  Recoveries  of 
cyanide  and  thiocyande  were  determined  as  a  percentage  by 
comparing  peak  areas  obtained  from  the  spiked  a/vine  plasma 
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with  spiked  aqueous  samples  at  the  same  concentrations.  All 
recovery  experiments  were  performed  in  triplicate 


Results  and  discussion 

HPLC-MS-MS  analysis  of  CN  and  SCN“ 

The  method  presented  includes  the  chemical  modificdion  of 
CN  and  SCN"  with  a  mixture  of  NDA/taurine  and 
monobromobimane  (MBB),  respectively  (Figs.  1  and  2),  in  a 
onepot  sample  preparation  method.  The  mass  spectra  of 
cyanide  (as  CB I )  and  thiocyanate  (sB  SCN-bimane)  produced 
by  ESI  (-)-M  Bare  shown  in  Fig.  3a,  b,  respectively,  with  the 
major  abundant  ions  identified.  The  rrVz  ratios  of  298.6  and 


nVz 


m/z 


Fig.  3  ESI(-)  product  ion  mass  spectra  of  CBI  (a)  and  SCN-bimane  (b ) 
withidentificationofthesbundantions  Molecular  ionsof  CBI  and  SCN- 
bimane  [M-H]“  correspond  to  298  6  and  248.0,  respectively.  Insets, 
structures  of  CBI  (a)  and  SCN-bimane  (b)  with  sbundant  fragments 
indicated 


248.0  correspond  to  the  mol  ecul  ar  i  on  of  the  CB  I  compi  ex  and 
SCN-bimane  product  of  cyanide  and  thiocyanate,  respectively 
([M-H]“).  For  cyanide,  the  298.6-^  190.7  and  298.6-^80.9 
transitions  were  selected  as  the  quantification  and  identifica¬ 
tion  transitions,  respectively,  using  the  corresponding  transi¬ 
tions  for  isotopically  labeled  cyanide  as  internal  standard 
signals,  300.6^192.7  and  300.6^80.9.  For  thiocyanate, 
the248.0^  111  .0  and  248  0^  124.1  transitions  were  selected 
the  quantification  and  identification  transitions,  respective¬ 
ly,  whi  I  e  the  correspondi  ng  t  ransi  ti  ons  for  I  abel  ed  thi  ocyanate 
internal  ^andard  were 250  0^11 1.0  and  250  0^126.1.  The 
optimized  decludering  potentials(DFfe)  and  collision  energies 
(CEs)  for  the  detection  of  CBI  were  -70  and  -25  V,  respec¬ 
tively.  For  SCN-bimane,  the  optimized  DFfe  and  CEs  were 
-185  and  -19  V,  respectively.  Identical  DFfe  and  CEs  were 
used  for  the  applicable  isotopically  labeled  internal  dandards. 

Representative  HFLC-MS-MS  chromatograms  of  cyanide 
and  thiocyanate,  s  CBI  and  SCN-bimane,  are  depicted  in 
Fig.  4.  Initially,  theanalysisof  SCN“following  MBB  addition 
w$  not  possible  because  MBB  reacted  with  abundant  thiol 
groups  present  in  plasma,  which  competed  with  the  MBB- 
SCN  reaction  [21,  22].  Thus,  Ellman's  reagent  was  added  in 
excess  to  react  with  the  free  thiols  in  plsma,  prior  to  MBB 
addition,  to  allow  increased  producion  of  the  SCN-bimane 
complec.  As  seen  in  Fig.  4,  the  peak  shapes  for  both  thiocy- 
anete  (1.7  min)  and  cyanide  (2.1  min)  were  sharp  and  sym¬ 
metrical  with  peak  asymmetries  of  1.0  and  1.1,  respectively. 
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Fig.  4  HPLC-MS-MS  chromatograms  of  10  |jM  cyanide  and  20  |jM 
thiocyanate  spiked  into  swine  plasma  with  internal  standard  {50  pM 
each).  The  chromatograms  represent  signal  response  to  the  M  RM  transi¬ 
tions  of  cy^ide  (298  6—190.7,  298.6—80.9,  300.6—192.7,  aid 
300.6—80  9)  and  thiocyanate  (248.0—111  0,  248.0—124.1,  250.0— 
111.0,  and  250  0—126.1).  Thiocyande  and  cyanide  (as  SCN-bimane 
and  CBI)  eluted  from  the  column  ct  approximdely  1.7  and  2.1  min, 
respectively 
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Table  2  Comparison  of  the  stability  of  the  slope,  R^,  axurasy  and 
precision  for  oyanide,  and  thiocyanate andysisfrom  ^iked  avine plasma 
over  3  d^s 


Analyte 

Day 

R2 

Sope 

Accuracy  (%) 

FVedaon 

(%F!SD) 

CN 

1 

0  9997 

0  019 

100±8.5 

<7.5 

2 

0  9999 

0  018 

100±8.4 

<5.4 

3 

0  9996 

0  019 

100±8.8 

<6.5 

SCN" 

1 

0  9994 

0  022 

100±5.9 

<5.6 

2 

0  9997 

0  021 

100±5.3 

<6.8 

3 

0  9998 

0  020 

100±6.1 

<7.3 

Overall,  the  sample  preparation  and  analysis  was  rapid 
and  simple.  The  duration  of  sample  prepardion  was  approx¬ 
imately  40  min,  with  he  chromatographic  analysis  lasting 
approx!  matel  y  8  mi  n  (I  ncl  udi  ng  equi  I  i  bri  urn  for  he  f ol  I  owi  ng 
sample),  for  a  total  analysis  ime  of  approximately  50  min. 
Therd'ore,  using  conservative  estimates,  it  is  estimated  that 
approximately  170  parallel  samples  could  be  processed  and 
analyzed  within  a  24-h  period.  The  duration  of  analysis  for 
this  mdhod  i  s  shorter  than  pra/i ous  methods f or  si  mul  taneous 
analysisof  CN  and  SCN“  (Table  1 ),  and  although  theduration 
of  thelmanari  etal.  [14]  and  Paul  and  Smith  [17]  methods  are 
certai  nl  y  comparabi  s  these  two  methods  were  not  used  for  the 
analysisof  plasma  or  blood. 

Calibration  and  quantification 

Cal  i  bration  curves  for  cyani  de  end  thi  ocyenate  were  construct¬ 
ed  in  the  range  of  0.01-100  pM  in  s/vine  plasma  For  cyanide, 
calibration  stendards  at  0.01,  0.02,  0.05,  and  100  pM  were 
found  to  be  outside  the  LLOQ  or  ULOQ,  while  cdibration 
standards  st  0.01 , 0.02, 0.05, 0.1 ,  and  1 00  p  M  were  found  to  be 
outside  the  LLOQ  or  ULOQ  for  thiocyanate,  resulting  in  linear 
dynamic  ranges  from  0. 1  to  50  to  0.2  to  50  p  M ,  for  cyani  de  and 
thiocyanate,  respectively.  The  linear  ranges  for  boh  cyanide 
and  hiocyanate  are  comparable  to  typical  bioanalytical  LC- 
M&MS  methods^  which  generally  span  at  le^  two  orders  of 
magnitude  [24-26].  For  both  cyanide  and  thiocyanate,  the 


Time  (Min) 

Fig.  5  Chromstogramsof  patasaum  cysnide-ecposed  (1 .7  mg/kg)  swine 
plasma  (uppa*  trace)  and  nonacposed  swine  plasma  (lower  trace),  both 
without  internal  standard.  The  chromatograms  represent  the  signal  re¬ 
sponse  of  the  MRM  transition  2986^190.7  and  248.0^111  0  m/z 
transition  for  CBI  and  SCN-bimane,  respectively 

calibration  curves  were  found  to  be  highly  stable  over  3  days 
in  terms  of  dopes  and  correlation  coefficients  (Table  2). 

LOD,  accuracy,  and  precision 

The  accuracy,  precision,  and  LOD  for  CN  and  SCN“  are 
reported  inTableS.  The  LODs  found  for  cyanide  and  thiocy¬ 
anate  are  in  the  nM  range;  lower  than  methods  previously 
reported  for  si  mul  taneous  anal  ysi  s  of  CN  and  SCN  “  (TabI  e  1 ). 
While  the  significantly  lower  LODs  for  cyanide  and  thi ocya- 
nste  in  plasma  are  not  necessarily  essential  (i.a,  significant 
endogenous  CN  and  SCN"  concentrations  mitigate  the  need 
for  extremely  low  LODs),  they  should  allow  for  quantification 
of  cyani  de  and  thi  ocyanate  concentrati  ons  i  n  other  bi  ol  ogi  cal 
matrices  where  they  may  be  present  st  extremely  low  iB/els. 


Tables  Theacxxiracy,  predsion, 
LOD,  and  recovery  of  cyanide 
and  thi  ocyande  analysi  s  from 
spiked  swine  plasma  by  HPLO 
MS-MS 


^QC  method  vdidation  (N  =5) 
for  day  3 

^Mean  of  three  different  days  of 
QC  method  val  i  dati  on  (N  =  1 5) 


Analyte 

LOD 

(mM) 

QC  Concentrdion 
(pM) 

Recovay 

(%) 

Intraass^ 

Inta'ass^ 

Accuracy 

(%)- 

Precision 

(%RSD)^ 

Accuracy 

(%)» 

Precision 

(%RSD)'’ 

CN 

0  01 

0.3 

729 

100±7  5 

1.1 

100±7  2 

1.5 

3 

81  6 

100±8.4 

73 

100±9.4 

5.4 

15 

83.1 

100±7  3 

22 

100±4  2 

4.1 

SCN" 

0  05 

0.7 

73.1 

100±4.4 

42 

100±5  3 

6.8 

4 

78  6 

100±5  9 

3.4 

100±5  9 

3.4 

15 

808 

100±1 9 

56 

100±1 9 

3.9 
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Our  me  hod  produced  excellent  accuracy  and  precision  for 
all  the  conditions  tested.  The  accuracy  and  precision  reported 
in  Table  2  is  the  aggregate  of  all  QC  standards  for  3  days. 
The  accuracy  was  within  8.8  and  6.1  %  of  the  nominal 
concentration  for  CN  and  SCN“,  respectively,  and  he  preci¬ 
sion  \NES  not  higher  than  7.5  %  relative  standard  deviation 
(RSD)  for  either  CN  or  SCNT  Moreover,  the  absolute  values 
of  the  accuracy  and  precision  were  very  consistent  for  each 
analyte.  The  accuracy  and  precision  reported  in  Table  3  was 
calculated  in  aggregate  for  low,  medium,  and  high  QC  stan¬ 
dards  analyzed  on  three  different  days.  The  intra-  and  inter¬ 
assay  precision  and  accuracy  were  below  8%  RSD  and  within 
±10  %  of  the  nominal  concentrations  for  all  intra-  and  inter¬ 
assay  analyses 

Stability  and  recovery 

The  short-term  stabilities  of  cyanide  and  thiocyande  in  swine 
pi asma  were  eval  uated  i  n  the  autosampi  er  and  on  the  bench- 
top  over  24  h.  In  the  autosampler,  both  cyanide  and  thiocya- 
mte  demonstrated  excellent  lability  for  prepared  samples, 
with  the  measured  concentrations  within  10  %  of  the  initial 
concentration  st  all  imes  tested.  On  the  bench-top,  cyanide 
and  thiocyanate  concentrations  were  stable  for  up  to  1  and  8  h, 
respectively.  In  addi  ion,  the  concentrations  of  cyanide  and 
thiocyan^ewere  within  10  %  of  the  original  concentration  for 
both  low  and  high  QC  standards  for  only  one  FT  cycle 

For  long-term  stability  invesigations,  both  cyanide  and 
thiocyanate  were  evaluated  for  1  month  at  -80,  -20,  and 
4  °C.  Cyanide  was  stable  for  2  days  at  -80  and  -20  °C  but 
was  quickly  eliminated  from  plasma  at  4  °Cfor  both  he  low 
and  high  QC  standards.  Thiocyanate  was  stable  for  5  days  at 
-80  and  -20  °C,  and  for  2  days  at  4  °C.  The  results  from 
investigdionsof  long-term  stability  suggest  thd  both  cyanide 
and  thiocyanate  should  be  analyzed  immediately.  If  this  can¬ 
not  be  done,  the  pl^ma  samples  should  be  frozen  and  ana¬ 
lyzed  within  2  days 

The  limited  stability  of  cyanide  under  typical  storage con- 
di  ions  mey  be  due  to  its  voldile  nature  with  rapid  loss  of 
hydrocyanic  add  from  biological  samples  at  pH  val  ues  below 
7-8  (HCN  pKa=9  2).  Alternatively,  cyanide  can  be  produced 
or  utilized  through  single-carbon  metabolism  [27,  28],  Other 
studi  es  have  i  mpl  i  cated  mi  crobi  al  metabol  i  sm  f or  al  tersh  on  i  n 
CN  le/els  [29-31].  It  has  been  suggested  that  additives,  such 
as  addition  of  silver  ions  or  ascorbic  add,  may  increase  the 
stability  of  cyanide  [29,  32],  which  may  be  an  area  of  future 
investigation.  The  instability  of  SCN”  could  bedueto  thiocy¬ 
anate  protein  binding,  resulting  in  the  loss  of  free  thiocyanate 
in  pl^ma samples  [8,  33], 

The  recoveries  of  cyanide  and  thiocyanate  are  reported  in 
Table3  and  ranged  from  72  to  83  %  for  cyanide  and  73-81  % 
for  thiocyanate  The  recoveries  for  this  method  are  similar  to 
pre/ious  reports  [16,  17,  34], 


Application  of  the  method 

Potassium  cyanideexposed  swine  plasma  samples  were  cd- 
lected  and  analyzed  for  plasma  cyanide  and  thiocyanate  using 
the  method  presented  here.  Figure  5  shows  representative 
chromatograms  of  potassium  cyanide-exposed  (1.7  mg/kg; 
upper  trace)  and  non-exposed  (lower  trace)  a/vine.  The  peaks 
for  thiocyanate  and  cyanide  were  observed  around  1.7  and 
2.1  min,  respectively,  with  the  presence  of  endogenous  con¬ 
centrations  detected  in  the  nonexposed  swine  In  Fig.  5,  the 
non-spiked  a/vine  plasma  contained  small  amounts  of  cyanide 
(3.58  pM)  and  thiocyande  (4.35  pM).  These  levels  were 
attributed  to  endogenous  concentrations  which  likely  come 
from  multi  plesources,  such  asdiet  [3, 13, 35, 36],  The  assign¬ 
ment  of  endogenous  CN  and  SCN”  was  verified  by  identical 
retenti  on  ti  mes  as  compared  wi  th  spi  ked  pi  asma  possess!  ng  the 
quantitation  and  identification  ions.  Overall,  the  method  per¬ 
formed  well  for  the  diagnosis  of  cyanide  exposure  in  a/vine. 

Conclusions 

A  highly  selec  ive  method  featuring  simple  sample  prepara¬ 
tion  with  excellent  accuracy  and  precision  was  de/d oped  and 
validded  in  a/vineplasma  The  reported  method  has  the  ability 
to  simultaneously  detect  cyanide  and  thiocyanate  at  low  con¬ 
centrations  and  proved  useful  for  their  detection  from  the 
plasma  of  cyanideexposed  a/vine  To  our  knowledge,  this  is 
the  first  description  of  an  HF1_C-MS-MS  method  for  the 
simultaneous  analysis  of  cyanide  and  thiocyanate  from  any 
matrix. 
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Determination  of  exposure  to  cyanide  can  be  accomplished  by  direa  cyanide  analysis  or  indirectly  by 
aiulysu  of  cyanide  detoxification  products,  such  as  thiocyanate  and  2-amino-2-thiazoiine>4-carboxylic 
acid.  A  potentially  important  markei  and  detoxification  product  of  cyanide  exposure.  u-ketoRlutaraie 
cyanohydrin  (a-KgCN).  is  produced  by  the  reaction  of  cyanide  and  o-ketogUiiarate.  Tlterefore.  an  ultra 
high-perlormance  liquid  chromatography  tandem  mass  spectrometry  method  to  determine  u-KgCN  in 
plasma  was  developed.  Swine  plasma  was  spiked  with  ci'KgCN  and  O'KgCN'dj  (internal  standard)  and 
proteins  were  precipitated  with  1%  formic  acid  in  acetonitrile.  After  centrifugaiioa  the  supernatant  was 
dried,  reconstituted,  separated  by  reversed  phase  liigit  performance  liquid  chromatography  and  analyzed 
by  tandem  mass  spectrometry. The  method  produced  a  dynamic  range oro.3-SO  pM  and  a  detection  limit 
of200nM  foru-KgCN.  Furthermore,  the  method  produced  a  TRSD  of  less  than  131k  for  alJ  intra*and  inter- 
assay  analyses.  The  stability  of  ct-KgCN  was  poor  (br  most  storage  conditions  tested,  except  for  80  C. 
which  produced  stable  concentrations  of  o-KgCN  for  the  30days  tested.  The  validated  method  was  tested 
by  analysis  of  n-KgCN  in  the  plasma  of  cyanide-exposed  swine.  u-KgCN  was  not  detected  pre-exposure, 
but  was  delected  in  all  post-exposure  plasma  samples  tested.  To  our  knowledge,  this  method  is  the  first 
reported  analytical  method  for  detecting  n-KgCN  in  any  matrix. 

C  2013  Elsevier  B.V.  All  rights  reserved. 


I.  Introduction 

Cyanide  exposure  can  occur  in  a  variety  ot  ways,  including  acci- 
denial,  .suicidal,  or  homicidal.  General  population  exposure  can 
occur  through  smoke  inhalation  from  cigarettes  or  hres.  consum¬ 
ing  cyanogenic  glycosides  found  in  foods,  and  working  In  industrial 
facnitlcs  that  use  cyanide  1 1 ).  Furthermore,  cyanide  exposure  can 
also  occur  by  the  use  of  cyanide  as  a  chemical  warfare  agent  [2], 
Once  in  the  body,  the  toxicity  of  cyanide  stems  from  its  ability 
to  inhibit  cytochrome  c  oxidase,  thereby  disrupting  oxygen  trans¬ 
port  to  mitochondria  (3).  Therefore,  the  conhrmation  of  cyanide 
exposure  is  impoitant  to  adminisrei  treatment  in  a  timely  fashion 
and  monitor  health  conditions  after  exposure.  The  direct  analy¬ 
sis  of  cyanide  to  confirm  exposure  has  serious  limitations,  due 
to  cyanide's  volatility,  reactivity,  and  short  half-life  in  biological 
fluids  i4~6|.  Cyanide  exists  as  both  hydrogen  cyanide  (HCN)  and 
the  cyanide  ion  (CN  )  which  are  in  rapid  equilibrium  with  each 
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other.  Under  normal  biological  conditions,  cyanide  exists  mainly 
as  HCN.  which  is  extremely  volatile  and  rapidly  eliminated  from 
biological  matrices  14).  If  cyanide  exists  as  CN  .  it  is  nucleophilic 
and  will  rapidly  react  with  various  species  in  biological  matrices, 
thereby  eliminating  free  cyanide  from  the  sample  I?).  These  limita¬ 
tions  have  led  to  the  exploration  of  biomarker  analysis  for  indirect 
determination  of  cyanide  exposure. 

Indirect  analysis  of  cyanide  has  mainly  focused  around  thio¬ 
cyanate  and  2-am)no-2-thiazoiine-4-carboxylic  acid  (ATCA).  ihe 
major  products  of  cyanide  detoxification.  Thiocyanate  has  shown 
promise  as  a  marker  of  cyanide  exposure  and  various  methods 
exist  for  the  analysis  of  thiocyanate  in  biological  fluids  16].  How¬ 
ever,  disadvantages  of  thiocyanate  analysis  for  cyanide  exposure 
have  been  reported.  Ballantyne  reported  that  thiocyanate  con¬ 
centrations  fluctuated  during  various  sample  storage  conditions 
and  recovery  of  thioc'yanate  from  whole  blood  was  low  (8j.  Fur¬ 
thermore,  thiocyanate  can  be  formed  from  metabolism  of  other 
compounds  besides  cyanide  [9).  ATCA  has  also  shown  promise 
as  an  alternative  marker  of  cyanide  exposure  and  a  few  methods 
have  been  developed  for  the  analysis  of  ATCA  in  biological  fluids 
[7,10-12).  Although  there  is  limited  information  on  its  relevance  as 
a  biomarker  for  cyanide  exposure.  Petnkovics  el  al.  suggested  that 
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Fig.  1.  Prupused  rrAciton  pjchwAV  for  (he  conversion  of  u-Kg  tnro  b-KgCN, 


plasma  ATCA  might  not  be  a  good  biomarker  for  cyanide  exposure 
based  on  a  toxicokinetic  study  in  rats  (13).  Conversely.  ATCA  has 
been  suggested  as  an  advantageous  marker  of  long-term  low-Ieve) 
cyanide  exposure  17.10-1 2|.  Other  markers  of  cyanide  exposure 
include  cyanide-protein  adducts  {3,14,151  cyanocobalamin 
[16-18].  Cyanide-protein  adducts  may  serve  as  excellent  long-term 
markers  of  cyanide  exposure,  but  the  utility  of  this  marker  for  rapid 
analysis  has  not  been  assessed,  and  the  synthesis  of  the  standards 
for  this  technique  can  be  costly  and  demanding  (19).  Although 
cyanocobalamin  is  a  potential  marker,  hydroxocobalamin.  which 
sequesters  cyanide  to  form  cyanocobalamin,  is  a  treatment  for 
cyanide  exposure  {20-22}.  Therefore,  the  u.se  of  hydroxocobalamin 
as  a  treatment  would  convolute  the  use  of  cyanocobalamin  as  a 
biomarker  Furthermore,  detection  of  cyanocobalamin  for  cyanide 
exposure  is  limited  due  to  photodegradation  {23.241.  Considering 
the  limitations  concerning  current  biomarkers  of  cyanide  exposure, 
novel  mai'kei  s  should  be  coivsideied. 

Cyanide  is  known  to  react  with  carbonyl  compounds  to  form 
cyanohydrins  |2S|.  in  biological  systems,  cyanide  is  converted  to 
a-keiogiutarate  cyanohydrin  (a-KgCN)  through  an  equilibrium 
reaction  with  u-ketoglularate  (a-Kg)  (Fig.  I)  [6].  Because  o-Kg 
resides  in  the  plasma  (26).  the  ability  to  determine  concentra¬ 
tions  of  o-KgCN  may  allow  for  verification  of  cyanide  exposure. 
Therefore,  the  objective  of  this  project  was  to  develop  an  analytical 
method  to  determine  cyanide  exposure  by  deicchon  of  u-KgCN  in 
plasma.  Because  oral  dosing  of  u-Kg  has  been  shown  to  mitigate  the 
toxicity  of  cyanide  exposure  (25,27-30).  this  method  should  also  be 
beneficial  in  aiding  studies  of  u-Kg  as  a  therapeutic  treatment  lor 
CN'  poisoning. 


2.  Experimental 

2.  r  Reagenrs  and  materials 

All  reagents  were  at  least  HPLC  grade.  Sodium  cyanide  (NaCN) 
and  all  solvents  were  purchased  from  Fisher  Scientific  (Fair  Lawn. 
Nj.  USA).  u-Kg  and  u-ketogluiaric  acid-d^  (o-Kg-ds)  were  pur¬ 
chased  from  Sigma-Aldrich  (St.  Louis,  MO.  USA).  LC/MS  grade 
formic  acid  was  purchased  from  Thermo  Scientific  (Rockford.  IL, 
USA),  Swine  (Su5  5cro/a)  plasma  (non-sterile  with  sodium  citrate 
anti-coagulant)  was  acquired  from  the  Veterinary  Science  Depart¬ 
ment  at  South  Dakota  State  University.  Cyanide-exposed  swine 
plasma  was  received  from  WMford  Hall  Medical  Center  (Lackland 
Air  Force  Base,  TX).  One  animal  (about  50  kg)  was  sedated,  endoira- 
chcally  intubated,  and  maintained  under  anesthesia  with  inhaled 
isofiurane.  After  acclimation.  KCN  (4mg/mL)  was  infused  intra¬ 
venously  (0.1 7  mg/kg/min)  until  apnea.  Arterial  blood  was  sampled 
at  baseline.  5  min  into  cyanide  infusion,  at  apnea,  every  2  min  after 
apnea  for  lOmin,  and  then  every  lOrnin  for  60 min.  Whole  blood 
(20  mL)  was  withdrawn  from  the  animal  at  each  lime  point.  The 
blood  (4mL)  was  then  placed  into  EOTA  tubes  and  centrifuged  Co 
separate  the  plasma  from  the  red  blood  cells,  resulting  in  a  final 
plasma  volume  of  1  mL  for  each  sample.  The  plasma  was  shipped 
overnight  on  dry  ice  to  South  Dakota  State  Univei'Siiy.  where  it  was 
immediately  frozen  upon  arrival  and  stored  at  -  80  C  until  needed. 


2.2.  Synthesis  of  a-KgCN  and  a-KgCN-d4 

o-KgCN  was  synthesized  according  to  an  adapted  procedure  of 
Green  and  Williamson  (31),  by  first  adding  u-Kg  and  an  equimo¬ 
lar  amount  of  NaCN  to  water  and  stirring  at  room  temperature  For 
30  mm.  The  resulting  solution  was  filtered  and  the  solvent  was 
removed  by  rotary  evaporation  to  aflbrd  a  white,  sticky  product. 
Characterization  was  achieved  by  NMR.  along  with  ESl-MS 
operated  in  negative  polarity  mode.  NMR  (CD3OD,  400MHz): 
a  178,  120.  70.  ESIf-)-MS:  miz  172.0,  144.7.  lOl.O.  44.8.  An 
isotopically-labeled  internal  standard.  a-KgCN-di,  was  synt  hesized 
and  characterized  as  described  above  for  u-KgCN.  with  oc-Kg-d^ 
replacing  u-Kg.  NMR  (CDiOD.  400  MHz):  H  178.  172.  122.  73. 
ESl(-)-MS:  m/z  176.1,  149.1,  105.1.  44.8.  The  characterization  of 
a-KgCN  and  a-KgCN-d4  by  ’^C  NMR  did  not  show  the  presence  of 
<i-Kg.  Furthermore.  Green  and  Williamson  (31 1  reported  tliat  no 
free  acid  (u-Kg)  was  evident  in  their  final  product 


2.3.  3oinp/e  preporarion 

Swine  plasma  (100  p.L)  was  spiked  with  internai  standard  (IS), 
a-KgCN-d4  (20 pL  of  lOOpM).  and  1%  formic  acid  in  acetonitrile 
(400  pL)  to  initiate  protein  precipitation.  The  resulting  solution 
(pH  of  approximately  2),  was  then  vortexed  for  5min  and  cen- 
rrifiiged  for  ISmin  ar  ( n.lOOrpm.  room  ipmper.^fiiro) 

After  centrifugation,  an  aliquot  of  the  supernatant  was  transferred 
to  a  4  mL  screw-top  vial  and  dried  under  N2(g)  for  20  min  at  room 
temperature  (Reacti-vap  III.  Pierce.  Rockford.  IL.  USA).  The  volume 
ol  supernatant  transferred  was  evaluated  at  100,  300.  and  400  pL. 
with  300  pi.  producing  the  optimum  LC  conditions  in  terms  of 
peak  symmetry  and  band  broadening.  After  drying,  the  sample  was 
reconstituted  with  formic  acid  (lOpLof  10M)and  water  (300  pL) 
and  was  syringe-filtered  (Teflon.  0,22  pm)  to  remove  particulates. 
The  volume  of  water  for  reconstitution  was  optimized  at  300  pL. 
based  on  peak  symmetry  and  band  broadening.  After  filtration, 
an  aliquot  (1 00  pL)  of  (he  filtrate  was  transferred  to  a  glass  insert 
( 1 50  pL)  which  was  placed  in  a  screw-top  autosampler  vial  (2  ml) 
and  analyzed  by  ultra-high  performance  liquid  chromatography 
tandem  mass  spectrometry  (UHPLC-MS-MS). 


2.4.  Analysis  of  U’KgCN 

Analysis  of  cr-KgCN  was  conducted  by  UHPLC-MS-MS  on  a 
Shimadzu  UHPLC  (LC-20AD.  Shimadzu  Corp..  Kyoto.  JPN)  and  an 
AB  Sciex  Q-trap  5500  MS  (Applied  Biosystems.  Foster  City.  CA. 
USA).  Samples  were  separated  by  reversed-phase  (RP)  chromatog¬ 
raphy  using  a  Phenomenex  Synergi  23p  Fusion-RP  100  A  column 
(2.00  *  50  mm)  (Phenomenex.  Torrance.  CA.  USA).  Mobile  phases 
consisted  of  1%  formic  acid  in  H2O  (mobile  phase  A.  pH  2.1)  and 
\%  formic  acid  in  MeOH  (mobile  phase  B).  An  aliquot  (lOpL)  of 
the  sample  was  separated  by  gradient  flow  at  40  C  with  a  flow 
rate  of  O.lSmL/min.The  concentration  of  B  was  inci’oascd  from  OSS 
to  100%  over  2  min.  held  at  100%  for  1  min,  and  then  ramped  back 
duwniu0% overt  minand held consiani  rur2niiniore-eqiillibraie 
the  column  between  samples.  Detection  of  a-KgCN  was  achieved 
using  eiectrospray  ionization  (ESI)-MS-MS  operating  in  negative 
polarity.  N}  (50  psi)  was  used  as  the  curtain  gas. The  ion  source  was 
operated  at  -4.500  Vand  a  tempcialure  0(750  C  with  a  flow  rale  of 
90.0 psi  for  both  the  nebulizer  (CSI)  and  heater  (GS2)  gasses.  The 
collision  ceil  was  operated  with  an  entrance  potential  of  -lO.OV 
and  a  collision  potential  of  - 1 1.0  V  at  a  medium  collision  gasfN^) 
flow  rate.  u-KgCN  and  a-KgCN-d^  were  analyzed  in  the  MS  by  mul¬ 
tiple  reaction  monitoring  (MRM)  with  the  parameters  outlined  in 
Table  I. 
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Tabtei 

Sf  lecM  MSM  transitions,  optiniized  dadustBring  potratials  (PPs)  and  coUisian  eoosies  (CEs}  far  ttw  detsctian  of  o~KgCN  and  o>KgCN'd4  by  MS-KS  analjais. 


Compounds 

Q1  Mass  (m/z) 

Mass  (m/z) 

Time  (ois) 

DPCV) 

tE(V) 

(quandtatioii) 

172.0 

145.1 

4QJ0 

-2647 

-11.53 

a-Kgt7i  (identification) 

172.0 

57.Q 

AOJO 

-32.85 

-24.82 

a-Kgcn-d4  (quandtatiQQ) 

176.1 

14aQ 

40J0 

-26.92 

-13.28 

a-I%C7i-d4  (idendiicadon) 

176.1 

61.2 

40J0 

-31.76 

-2aoo 

2.5.  CaHbraUonandquanSiJicatioii 

a-KgCN  splt^  swine  plasma  ulibration  standards  (0.2, 03, 03, 
1, 3. 5, 10, 30, 50, 100,  and  300  fiM)  were  prepared  and  analyzed 
to  evaluate  the  linear  range.  Quali^  control  (QC)  standards  at  low, 
medium,  and  high  concentrations  (0.75, 4,  and  20  pM)  were  used 
to  determine  the  inter-  and  intra-assay  accuracy  and  precision.  The 
intra-assay  accura^  and  precision  were  determined  over  1  day 
with  quintuplicate  analysis  of  each  QjC  standard,  and  inter-assay 
accuracy  and  precision  were  evaluated  over  3  days  (within  a  9  cal¬ 
endar  day  period)  with  quintuplicate  analysis  of  the  QC  standards 
each  day. 

2.6.  Stability  and  ncovery 

The  stability  of  a-KgCN  in  swine  plasma  was  assessed  at  each 
storage  condition  using  low  (0.75  pM)  and  high  (20  pM)  QC  stan¬ 
dards  (each  in  triplicate).  Short-term  stability  experiments  were 
evaluated  for  the  stability  of  a-KgCN  in  the  autosampler  (prepared 
samples),  on  the  bench-top,  and  over  multiple  freeze-thaw  cycles. 
For  autosampler  stability,  QC  standards  were  prepared,  placed  in 
an  autosampler  at  15'='C,  and  analyzed  at  0,  2,  4,  8, 12  and  24 h. 
For  bench-top  stabi]%,  the  QC  standards  were  allowed  to  stand 
at  room  temperature  for  Q,  2, 4,  8, 12  and  24h  prior  to  analysis. 
Freeze-thaw  stability  was  conducted  over  three  cycles  after  the  QC 
standards  were  initially  analyzed  (cycle  0),  Each  ^de  consisted 
of  storage  at  -80  '’C  for  24  h.  thawing  the  standards  unassisted  at 
room  temperature,  preparing  and  analyzing  the  applicable  QC  stan¬ 
dards,  and  refreezlng  the  remaining  (non-analyz^)  standards.  This 
protocol  was  continued  until  three  cydes  had  elapsed.  Long-term 
stability  eDqxriments  were  also  conducted  under  various  storage 
conditions  (-80.  -20  and  4**C)  for  various  times  (0, 1. 2, 5. 12. 20, 
and  30  days).  Low  and  high  QC  standards  were  prepared  and  stored 
at  the  desired  temperature  until  analyzed. 

Recovery  experiments  were  conducted  in  order  to  determine 
the  ability  of  the  sample  preparation  protocol  to  extract  a-KgCN 
from  swine  plasma.  Swine  plasma  was  spiked  with  a-KgCN  at  low, 
medium,  and  high  QC  concentrations  and  compared  to  aqueous  a- 
KgCN  samples  at  the  same  nominal  concentrations.  The  recoveiy 
was  calculated  as  a  percentage  by  dividing  the  concentration  of 
the  low,  medium,  and  high  QC  standards  in  plasma  (n  -  5  for  each) 
against  the  same  concentration  of  aqueous  a-KgCN  (n-  5  for  each^ 

2.7.  Datamiafysis 

Calibration  curves  were  developed  by  plotting  the  ratio  of  the 
MRM  (172.0-145.1  mfz)  peak  area  for  the  analyte  (a-KgCN)  and 
the  MRM  (176.1-149.0m/z)  peak  area  for  the  internal  standard 
(a-KgCN-d^)  as  a  function  of  the  a-KgCN  concentration  (pM)  in 
plasma.  Both  weighted  (1/x  and  l/;i^)  and  unweighted  calibration 
curves  were  prepared  by  least  squares  and  a  weighted  (1/x^)  lin¬ 
ear  6t  was  found  to  best  fit  Che  calibration  data  as  determined 

the  inspection  of  residual  plots.  The  limit-of-detecdon  (LOD) 
was  determined  at  a  signal-to-noise  ratio  of  3  over  3  separate 
days  of  analysis  (n-5  for  each  day)  with  baseline  noise  calcu¬ 
lated  as  peak-to-peak  noise  directly  adjacent  to  the  a-KgCN  peak. 


Precision  was  calculated  as  a  percent  relative  standard  deviation 
(%RSD)  by  dividing  the  standard  deviation  ty  the  mean  for  each  cal¬ 
ibrator  and  QC  standard.  Accuracy  (%)  was  determined  by  dividing 
the  alculated  concentration  by  the  nominal  contentration  for  each 
calibrator  and  QC  standard.  A  %EISD  of  less  than  15%  and  a  percent 
accuracy  of  100  ±  20%  were  used  as  criterta  for  inclusion  of  calibra¬ 
tion  standards  and  determination  of  the  ULOQ  and  LLOQ  Stability 
was  calculated  as  a  percentage  by  dividing  the  ccmcentration  of  the 
QC  standard  (low  or  high)  from  each  time  point  (days  or  hours)  by 
the  concentration  of  the  QC  standard  at  time  zero  (the  control).  The 
a-KgCN  was  considered  sUble  under  a  paiticuUr  storage  condition 
if  this  ratio  was  >85%. 


3.  Results  and  discusslan 

3.1.  Anafysis  of  ct-KgQl  from  swtne  plasma 

The  mass  spectra  of  a-KgCN  and  a-KgCN-d4  produced  by  ESI( 

MS  are  shown  in  Hg.  2.  Fig.  2A  shows  the  mass  spectrum  of  a-KgCN 
with  the  ions  important  for  the  analysis  of  a-I^CN  identified.  The 
m/z  ratio  of  1 72.0  corresponds  to  the  molecular  ion  of  a-KgCN  witii 
the  loss  of  a  proton  ([M-H]~  ).The  m/zratio  of  144.7  corresponds  to 
the  molecular  ion  of  the  precursor,  a-Kg,  minus  a  proton.  The  mfz 
ratio  of  101.0  corresponds  to  the  loss  ofacarboj^l  group  froma-1^. 
The  mfz  ratio  of  44.8  is  a  common  fragmoit  for  a  carboxyl  group. 
ESI(— )-MS  was  also  conducted  on  a-KgCN-d^  and  its  mass  spec¬ 
trum  is  shown  in  Fig.  2B.  a-KgCN-d4  showed  similar  fragmentation 
compared  with  a-KgCN  with  the  exception  of  a  mass  difference  of 
+4ni/z  for  each  major  fragment,  besides  mfz  44.8,  because  of  the 
replacement  of  4  l^drogen  atoms  witii  deuterium  atoms  in  the 
labeled  compound. 

Fig.  3  shovn  representative  chromatograms  of  a-I^CN  spiked 
swine  plasma  and  cyanide-exposed  swine  plasma  (pre-  and  post- 
exposure).  The  a-KgCN  elutes  at  approximately  1 .6  min  with  some 
degree  of  tailing,  which  is  most  likely  caused  by  tite  interaction  of 
exposed  silica  support  with  a-KgCN.  The  tailing  did  not  interfere 
with  quantification  of  a-KgCN.  Furthermore,  the  method  shows 
excellent  selectivity  for  a-KgCN  as  shown  by  the  absence  of  co¬ 
eluting  peaks  in  the  pre-exposure  swine  plasma  chromatogram.  In 
fact,  no  other  peaks  are  seen  In  the  pre-exposure  swine  plasma 
chromatogram. 


3.2.  linear  dyncpnicrangfi 

Standard  curves  were  generated  in  the  range  of  0.2-300  p.M 
a-KgCN  in  swine  plasma.  Calibration  standards  at  03,  100,  and 
300  were  found  to  be  outside  the  LLOQ  or  ULOQ,  resulting  in  a 
linear  dynamic  range  from  03  to  50  p,M  as  described  by  a  weighted 
(1/x^)  curve  validated  over  3  separate  days  of  analysis  (within  9 
calendar  days).  Therefore,  the  dynamic  range  of  a-E^CN  in  swine 
plasma  is  over  2  orders  of  magnitude.  The  U3D  was  found  to  be 
200  nM  a-KgCN  in  swine  plasma  validated  over  a  7-day  pericxl  with 
3  separate  days  of  analysis  (n  »  7  for  each  day). 
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fig.  1.  ESI(-)  nuM  ipe€tr4  of  a-KgCN  (A)  4nd  tt-ICgCH>(l4  (B^  with  Ktontificdtlon  of  The  4bund40(  loai  (A)  The  n-KjCh'  ton  4t  l72  Um//correipondsio  (M-H)~  4nd  the 
ton  at  14A7m/2  corresponds  to  |a  Kg  H|~.  the  precursor  to  a  KgOf.  (B)Theci  KgCN  lU  ton  ar176l  m/r  corresponds  to  and  the  ion  at  140 1  nt/2  corresponds  to 

Iu-Kf'<U-ll)~  Irtsets  Structuresofn  KgGN  (A)  And  o-i^CTl'di  (B)%vith  abundant  Fragments  iodKated 


iJ.  Accuracy  and  precision 

The  inm>  and  inter-assay  accuracy  and  precision  were  evalu¬ 
ated  for  low,  medium,  and  hish  QC  standards  over  3  days  of  analysis 
(Table  2).  The  method  produced  good  accuracy  and  precision  for  the 
ronrentrations  tested,  with  intra-assay  precision  <11%  and  inter- 
assay  precision  <13%  for  all  QC  standards,  and  accuracy  within 
110%  of  die  nominal  QC  concentration.  The  accuracy  and  prea- 
sion  of  analytical  methods  are  typically  considered  acceptable  if  the 
%R5D  (precision)  is  less  than  15%  and  the  percent  accuracy  of  back- 
calculated  concentrations  is  between  80%  and  120%  as  compared 
to  the  nominal  concentration. 

3,4.  Stability  and  recovery 

The  short-term  stability  of  n-RgCN  m  swine  plasma  was  evalu¬ 
ated  on  the  bench-top  and  in  the  autosampier  over  24  h.  Prepared 


samples  of  u-KgCN  exhibited  excellent  stability  in  the  autosampier, 
with  no  more  than  15%  deviation  from  the  control.  Furthermore, 
freeze-Uiaw  experiments  showed  that  a-KgCN  was  stable  in  swine 
plasma  at  -80  *Covci  the  3  cycles  tested.  Conversely,  the  bench-top 
stability  ot  o-KgCN  was  poor  with  o-KgCN  concentrations  tailing 
signihrantly  below  85%  of  the  control  within  2h,  showing  that 
cx-KgCN  is  quickly  eliminated  from  swine  plasma  at  room  temper¬ 
ature. 

Tlie  long-term  stability  of  «-KgCN  was  evaluated  for  30days 
at  -80,  -20  and  4*C  The  a-KgCN  was  stable  for  30  days  at 
-BO'^C  for  Iday  at  -20*C,  and  was  quickly  eliminated  at  4*C 
for  both  low  and  high  Q.C  concentrations.  The  results  of  the 
long-term  study  suggest  that  o-KgCN  spiked  swine  plasma  sam¬ 
ples  should  be  stored  at  -80  *C  when  possible.  If  samples  need 
to  be  stored  at  -20  C.  they  should  be  analyzed  as  soon  as 
possible.  Storage  at  >-20  X  is  not  recommended  for  plasma 
samples 


196 


II.  UiKhHlwtlt/).nrmmp.imH0lllfO-*i 


M 


1<Urt 

IVir  4mu«>  jnd  pmulm  of  m  tvrtiv  piinm  by  UNnjC-MS-MS. 


Soiaiiu:  cant  mitt  «iiaa  t  »fcM) 

laoa-4i»4y  auvney  (X)* 

lncer-4SMy  accuracy  (Sf* 

imia'asMy  pctoiian  {XRSDY* 

laia-aiMy  precuma  r  sitSOf 

din 

97 

II 

K9 

4 

no 

i04 

II 

1) 

20 

107 

104 

14 

*  M«4«iror1i(iv«ofv«lMbncin<H«iyt 


Spiked  (1  pM) 


Post  exposure 


Prg-exposufg 


Time  (min) 

FlS-  1.  Cbftmuttitraiiu  at  o-KfCN  sjNfcrd  rwuir  plasma  lupprr  tracrl  and  the 
pUima  df  cyaiudc-cxpQted  iwme.  pte'eapottne  ilowet  irmcX  and  piul-eaposufe 
(middle  uaiz)  T1iettaiainatc«iami  retaesenl  ihe  tlpial  xespoose  ol  the  MXM  lian^ 
aoma  I71.(r*ie3.l  mix 

The  recovery  of  o-KgCN  from  swine  pUsnia  at  low.  medium, 
and  lii|h  QC  roiH'eniratiom  was  14X.  I2X.  and  27X.  respecnvely. 
AndiAcation  of  the  swine  plasma  before  spiking  in  o-KgCN  did 
not  sifniRcanlly  increase  the  lecoveiy  (25X.  23X.  and  3<n>  for  low. 
medium  and  high  QC  standards,  respectively).  Heacmg  the  swine 
plasma  m  precipitate  proteins  and  moluig  back  to  room  cempera- 
tuie  beioie  spiking  in  a  KgCN  actually  decreased  ihe  tecovriy  (7X 
4X  and  4X  for  low.  medium,  and  high  QC  standards.  rrspecQvelyk 
Because  enryme  activiiy  should  at  least  be  reduced  when  heating 
and  acidifying  the  plasma,  the  consistendy  low  recovery  is  most 
likely  due  to  faale  equiltbnum  between  o-Kg  and  a-KgCN.  Conse¬ 
quently.  cyanide  may  undergo  various  side  reactkms  that  lemove 
It  bom  Ihe  swine  plasma  such  as  ptotein  bmding  |3.14|,  ATCA  Ibt- 
malion  |7.3Z|.  or  evapoiation  of  HCN  |4,33).  Further  experiments 
will  be  considered  tn  address  these  concerns.  A  potential  avenue 
for  future  research  m  this  area  would  be  to  compare  u-KgCN  spiked 
aqueous  and  plasma  samples  by  mass  spectral  analysis  in  elucidate 
rranlons  involving  a-KgCN 

3S.  The  (Uiatyiil  of  ryoiudc-exposrd  swine plasnia 

The  described  method  was  applied  to  the  analysis  of  a-KgCN 
in  plasma  samples  obtained  from  cyamile  exposed  swine.  Fig.  3 
shows  reprrsenutivr  chromatograms  of  plasma  collected  from 
swine  before  and  after  cyanide  exposure.  The  peak  for  o-KgCN 
observed  around  1  6  min  and  Ihe  absence  o(  co-eluUng  peaks  In 
the  prr-exposrd  swine  sample  indicate  that  theaoaiysis  is  selecave 
for  a-KgCN  Overall  Che  results  indicate  that  the  analytical  method 
presented  can  be  used  to  quickly  and  easily  analyze  a-KgCN  In  the 
plasma  of  cyanide-exposed  swine 

3  6.  a-KfCN  as  a  marker  of  cyanide  exposure 

file  suggested  use  of  o-KgCTf  as  a  cyanide  bfomaikei  was 
confirmed  with  the  observation  of  o-KgCN  m  the  plasma  of 


cyanide-exposed  swine  after  exposure  (Fig.  3)  The  major  advan¬ 
tage  of  using  a-KgCN  as  a  biomarket  is  that  it  was  not  delected 
endogenously  in  the  plasma.  The  disadvantages  of  using  a  KgCN  as 
a  cyanide  marker  are  poor  recovery  and  limited  stability  in  plasnu 
Although  the  stability  ol  n-KgCN  was  poor  under  most  conditions. 
It  was  shown  tn  he  stable  for  at  least  Todays  at  -80  'C  which  is  stg- 
nificanliy  better  than  cyanide  and  thiocyanate  in  plasma  (found  to 
be  stable  loi  2  and  Sdays,  lespeclively  |34|]  bul  worse  than  ATCA 
(found  to  be  stable  for  at  least  3  months  under  a  variety  of  stor¬ 
age  coiidilions  |7|).  Further  studies  on  Ihe  loxicokmetlc  behavior 
of  o-KgCN  weie  undertaken  m  order  lo  iurthet  evaluate  its  use  as 
a  marker  of  cyanide  poisoning  |35|. 

4.  Conclnsions 

An  analytical  melhod  for  the  detemunatlon  of  o-KgCN.  a  poten¬ 
tial  alternative  marker  of  cyaniile  exposure,  was  created  and 
validaterL  This  method  shows  the  abilily  to  detect  a  KgCN  in  iwine 
plasma  at  low  cooerntraaons.  as  uidicalcd  by  an  LOO  of  200  nM. 
Furthermore.  n-KgCN  can  be  quanllfied  accurately  and  precisely 
In  swine  plasma,  at  sub-pM  roncenlraUons  The  method  allows 
u-KgCN  to  serve  as  a  biological  maikrr  for  cyanide  exposuie  and 
should  aid  in  tbuhes  of  therapeutic  tieatment  of  cyanide  exposure 
with  a-Kg.  Future  work  will  uiclude  the  application  of  the  method 
to  analyze  o-KgCN  Irom  the  plasina  of  cyanide-exposed  swine  and 
investtgabons  pertatnlng  to  the  low  recovery  of  a  -KgCN  from  swine 
plasma  To  out  knowledge,  the  method  (levrkiped  here  is  the  first 
reported  analytical  method  (or  detening  Ihe  cyanide  detoxification 
product  a-KgCN.  in  any  matrix 
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•  Hie  toxicokinetic  behavior  of  a-KgCN  in  swine  was  investigated. 

•  Measuring  plasma  ir-KgCN  provides  dehnicive  confirmation  of  cyanide  exposure. 

•  Treatment  of  cyanide  poisoning  with  cobinamide  lenders  o-KgCN  an  ineffective  diagnostic  marker. 
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Poisoning  by  cyanide  can  be  verified  by  analysis  of  the  cyanide  detoxification  product,  a-ketoglularatc 
cyanohydnn  (u-KgCN).  which  ts  produced  from  the  reaction  of  cyanide  and  endogenous  ri'keiogliitaraie. 
Although  u-KgCN  can  potentially  be  used  to  venfy  cyanide  exposure,  limited  toxicokinetic  data  in 
cyanide-poisoned  animals  are  available.  We.  therefore,  studied  the  toxicokinetics  of  u-KgCN  and  com’ 
pared  tts  behavior  to  other  cyanide  nieiaboliles.  thiocyanate  and  2~ammO'2-thiazohne'4-carbuxyiic 
acid  (ATCA).  in  the  plasma  of  31  Yotlcshire  pigs  that  received  KCN  (4mg/mL)  intravenously  (IV) 
(0.l7nig/kg/min)^  a-KgCN  concentrations  rose  rapidly  during  KCN  administration  until  the  onset  of 
apnea,  and  then  decreased  over  time  in  all  groups  wiih  a  half-life  of  1 5  min.  The  maximum  cuncentratlon.s 
of  a-KgCN  and  cyanide  were  2.35  and  30.18p.M.  respectively,  suggesting  that  only  a  small  fraction  of 
the  administered  cyanide  is  converted  to  a-KgCN.  Although  this  is  the  case,  the  u-KgCN  concentration 
increased  >f  OO-foId  over  endogenous  concentralions  compared  to  only  a  three-fold  increase  for  cyanide 
and  ATCA.  The  plasma  profile  of  n-KgCN  was  similar  to  that  of  cyanide.  ATCA,  and  thiocyanate.  The 
results  of  this  study  suggest  that  the  use  of  u-KgCN  as  a  biomarker  for  cyanide  exposure  is  best  suited 
iinmediarely  following  exposure  for  instances  of  acute,  high-dose  cyanide  poisoning. 

02013  Elsevier  Ireland  Ltd.  All  rights  reserved. 


1.  Introduction 

Cyanide  can  be  found  in  food  {Vetter,  2000),  smoke  from  fires 
(Becker,  1985;  Brenner  el  al..  2010a;  Purser  el  al.,  1984),  and 
cigarettes  (Xu  et  a)..  201 1,  2012],  and  industrial  facilities  (Ma  and 
Oasgupta,  2010;  Smith  et  ai..  2010;  Zdrojewicz  et  al.,  1996).  It  is 
easily  procured  and  could  be  used  as  a  weapon  of  mass  destruc¬ 
tion  (Viswanath  and  Ghosh.  2010).  Human  exposure  to  cyanide 


Abbreviations.  u-KgCN.  u-ketoglutarat«  cyanohydnn:  u-Kg,  u  kctoglutaratc. 
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produces  roxic  effects  by  binding  to  the  iron  and  copper  in  the 
active  site  of  cytochrome  c  oxidase,  thereby  inhibiting  the  enzyme 
(Baskin  et  al.,  2004).  Depending  on  the  dose,  this  can  result  in  his¬ 
totoxic  anoxia  (Baskin  et  al..  2004),  cellular  hypoxia  (Conn.  1978), 
respiratory  failure  (Conn,  1978;  Pasco  etal..  2007;  Way.  1984),  and 
eventual  death.  Because  cyanide  is  a  rapidly  acting  poison,  and 
cyanide  exposure  is  relevant  to  both  the  military  and  public  sec¬ 
tors.  toxicokinetic  information  on  cyanide  and  its  detoxification 
products  is  important  fur  understanding  the  behavior  of  cyanide 
following  exposure.  Cyanide  can  be  metabolized  and  detoxified 
through  a  number  of  routes,  including  those  outlined  in  Fig.  I. 
The  two  major  routes  of  cyanide  detoxification  are  conversion  to 
thiocyanate  in  the  presence  of  a  sulfur  donor  (Ansell  and  Lewis. 
1970;  Baskin  et  al..  2004)  and  production  of  2’aminO’2-thia2oiine’ 
4’carboxylic  add  (ATCA)  from  reaction  with  cystine  (Ansell  and 
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lewis.  1970;  Nagasawa  et  al..  2004).  As  an  alternative  detoxinca- 
tion  pathway,  cyanide  can  react  with  endogenous  a-ketoglutarate 
(u'Kg)  to  form  u-ketoglutarate  cyanohydrin  (a-KgCN)  (Baskin 
et  al.  2004;  Baskin  and  Brewer,  1997)  in  animals.  This  detoxi¬ 
fication  pathway  is  likely  important  when  the  thiocyanate  and 
ATCA  pathways  are  overwlielmed,  and  will  be  investigated  in  this 
study. 

Evaluation  of  the  toxicokinetic  behavior  of  cyanide  and  its 
breakdown  products  provides  insight  into  the  best  marker  for  ver¬ 
ification  of  cyanide  exposure.  Such  studies  have  been  conducted 
for  cyanide  (Dirikolu  et  al..  2003;  Leuschner  et  al.  1991;  Sousa 
et  al.  2003}  and  its  major  detoxification  produas,  thiocyanate 
(Leuschner  et  al,  1991:  Sousa  et  al.  2003)  and  ATCA  (Petnkovics 
et  al.  2012),  in  various  animal  models.  The  results  of  these  studies 
are  presented  in  Table  1.  Leuschner  et  al  (1991)  investigated  the 
toxicokinetics  of  cyanide  in  rats  following  acute  potassium  cyanide 
exposure  by  gavage  at  1.0  mg  KCN/kg  body  weight.  The  time  of 
peak  concentration  (Tmjx).  2  min.  suggests  that  cyanide  is  rapidly 
distributed  with  tiiis  mode  of  exposure.  Leuschner  et  al  ( 1 991 )  also 
performed  a  chronic  cyanide  exposure  study  overa  1 3-week  period. 
In  that  study,  the  blood  cyanide  concentrations  ranged  from  1 6.0  to 
25.5  and  the  thiocyanate  plasma  concentrations  ranged  from 
341  to  877  p.lV1  for  rats  given  KCN  at  1 60  mg/kg  body  weight  per  day 
in  drinking  water.  The  results  of  the  1 3-week  study  suggested  that 

Table  I 

Toxicokinetic  parameters  for  cyanide,  thiocyanate,  and  ATCA  in  rats  and  swine  Cn^^. 
liM*.  ami  tt:j  are  designated  as  the  peak  blood  or  piaiitna  coiicentratlnn.  pcsik  time, 
and  elimination  halMlfc.  respectively 


Analyte^ 

f™.  (liM) 

fnta  (mtn) 

ii,-j  (min) 

Rais 

Cyanide 

6.2“.  89.0* 

2“.  ly 

14M8‘ 

Thiocyanate 

58.1' 

3fia 

348' 

ATCA 

18.5“ 

120“ 

150“ 

Swmc 

Cyanide 

573* 

32* 

Thiocyanate 

42.8' 

36(7 

297* 

*  Cyanide  was  analyzed  from  whole  blood,  and  thK>cyanate  and  ATCA  were  ana¬ 
lyzed  from  plasma. 

*  Leuschner  el  al.  ( 1 99  ? ). 

<  Sousa  ccaL  (2003 )L 

'*  Pcirtkovics eta). (2012; 


chronic  cyanide  exposure  at  the  dose  used  does  not  lead  to  satu¬ 
ration  of  cyanide  detoxification  pathways  (Leuschner  ct  al.  1991). 
Sousa  el  al  (2003)  evaluated  the  toxicokinetics  of  blood  cyanide 
and  plasma  thiocyanate  in  rats  and  pigs  following  oral  potassium 
cyanide  exposure  at  3.0  mg  KCN/kg  body  weight;  over  a  24  h  period, 
blood  cyanide  concentrations  ranged  from  0.5  to  89.0  p.M  and  1 .0  to 
57.5  piM.  and  thiocyanate  plasma  concentrations  ranged  from  19.0 
to  58.1  and  18.0  to  42.8  p.M.  in  rats  and  pigs  respectively.  The 
results  of  this  study  suggest  that  about  65-75%  of  absorbed  cyanide 
is  converted  to  thiocyanate,  which  is  in  close  agreement  with  the 
80%  predicted  by  Ansell  and  Lewis  ( 1 970).  Petrikovics  et  al  (2012) 
studied  the  toxicokinetics  of  ATCA  in  rats  following  intravenous  (IV) 
injection  of  ATCA  at  100  mg/kg  body  weight.  Although  this  study 
did  not  address  the  in  vivo  generation  of  ATCA  from  cyanide  expo¬ 
sure,  it  is  one  of  the  first  studies  to  address  the  distribution  and 
elimination  of  ATCA.  The  plasma  ATCA  ranged  from  0.96  to  1 8.5  p.M. 
and  showed  a  consistent  5-foid  increase  over  endogenous  concen¬ 
trations  between  2.5  and  48  h  post-exposure  (Petrikovics  et  al, 
2012).  These  findings  suggest  that  the  use  of  ATCA  as  a  biomarkei 
is  promising,  but  further  evaluation  of  the  toxicokinetics  of  ATCA 
following  cyanide  exposure  should  be  undertaken. 

Recently,  Mitchell  et  al  (201 3)  established  an  analytical  method 
to  quantify  the  cyanide  detoxiheation  product,  u-KgCN,  but  a  tox¬ 
icokinetic  profile  of  u-KgCN  following  cyanide  exposure  has  not 
been  performed.  Knowledge  of  o-KgCN’s  toxicokinetic  profile  will 
provide  a  better  understanding  of  cyanide's  absorption  and  elimi¬ 
nation  by  this  alternative  pathway  and  might  show  that  ct  -KgCN  has 
advantages  over  other  markers  of  cyanide  exposure  for  verihcalion 
of  cyanide  exposure.  Therefore,  we  completed  a  toxicokinetic  anal¬ 
ysis  of  a-KgCN  in  potassium  cyanide-exposed  swine  and  compared 
it  with  data  for  cyanide  and  its  other  detoxification  products.  We 
also  studied  the  behavior  of  cyanide  and  its  detoxification  products 
during  administration  of  cobinamide,  a  next-generation  treatment 
for  cyanide  exposure  (Brenner  et  al.  2010a.b;  Broderick  etal.  2006; 
Chan  et  aL  2010.  2011:  Zou  et  al.  2012).  Furthermore.  a-Kg  has 
been  suggested  as  a  cyanide  antidote  (Bhattacharya  et  al,  2002; 
Bhattacharya  and  Vijayaraghavan.  1991, 2002;  Hume  et  al.  1995; 
Mathangi  et  al.  2011:  Norris  et  al.  1990;  Tulsawani  et  al.  2005). 
and  the  results  of  this  study  may  be  important  for  a-Kg  therapeutic 
studies. 
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2.  Experimental 

2.J.  Reagents  anit  maunah 

All  rcdgenu  jnd  nuteri^Is  weie  Jt  ledst  HPLC  grade.  u-KgCN  and  (i-KgCN'd^ 
were  synthesized  a$  previously  reported  (Mitchell  et  aU  2013).  Labeled  thiocyantc 
(Ni»S'’C'‘’N)  and  cyanicle(N4"C'^N)  were  acquired  riutn  isuiech(Miamisburg,  OM). 
Labeled  ATCA-d/  w.is  synthesized  in  the  lab  of  Dr.  Nagasawa  at  the  Oepanment  of 
Veterans  Affairs  Medical  Center  ( Minneapolis.  MN).  Aquahydroxocobinamide  was 
synthesized  as  described  previously,  and  convened  to  a  dinitro  derivative  by  adding 
two  molar  equivalents  of  sodium  nitrite  (Chan  et  aX  2010. 2011).  Sodium  cyanide, 
sodium  tetraborate  deiahydtate.  sodium  hydioxide.  and  Millex*'>CV  syringe  filters 
(022  )xM)  were  purchased  from  Fisher  ScientifIcfFair  Lawn.  NJl.  Sodium  thiocyanate 
was  obtained  from  Acros  Organics  (Moms  Plains.  NJ}.  Formic  acid  ( LC/M5  grade)  and 
penrafluorobenzyl  bromide  (PFB-Br)  were  obtained  from  Thermo  Sdentific  (Rock¬ 
ford.  IL).  Tetrahuiyiammonium  sulfate  (TSAS)  was  purchased  from  Sigma-Atdrich 
(Si.  Louis.  MO).  ATCA  was  obtained  trom  Chem-lmpcx  International  (Wood  Dale.  ILL 
Oasis  mixed-mode  cationic  exchange  (MCX)  columns  were  acquired  from  Waters 
Corporation  (Milford.  MA).  N-melhyi-N-inmethyistlyi-lnnuoruacetamide  {M5TFA] 
was  acquired  from  Pierce  ChemKal  Company  (Rockford.  ILV 

22.  Animol  sfudies 

The  animal  studies  were  conducted  at  Wilford  Halt  Medical  Center  (Lackland 
Air  Force  Base.  TX)  in  accordance  with  TYte  Guide  for  the  Care  and  Use  of  Laboratory 
Animals,  and  were  approved  by  the  Wilford  Hall  Clinical  Research  Division  Insritu^ 
lumal  Animal  Care  and  Use  Committee:  Wilford  Hall  is  accredited  by  the  Amencan 
Association  for  Laboratory  Animal  Science.  A  total  of  31  Yorkshire  pigs  (-50kg) 
were  sedated,  intubated,  and  anesthetized  with  isoflurane.  KCN  was  injected  infra- 
venously  at  O.I7mgjkgyniiii  until  apnea  occurred.  At  one  minute  posi-apiica,  the 

•inioidb  received  either  saline  by  tV  imecnon  (conCrul  group.  N*  I  Dor  t2.S mg/kg 

(ohinamide  by  IV(N*  10) or  iniraosseou>(10)fN«  (O)inieciinn.  Arienal  blood  was 
sampled  prior  to  cyanide  exposure,  5  min  after  the  start  of  cyanide  infusion,  at  apnea, 
and  at  2.  a.  A.  8.  10. 20.  30.  40.  50,  and  GOmin  post-apnea.  FDTA  was  added  to  an 
aliquot  of  blood,  and  the  plasma  was  sepataied  from  the  red  blood  celts  by  cen¬ 
trifugation  and  shipped  on  icr  to  South  Dakota  Sute  Uruvrrsily.  Upon  receipt,  the 
EDTA-uealed  piasnia  was  frozen  and  stoied  al  -  80  C  until  used- 

2J.  PrefNiidfron  and  atwlysn  oj swine  piusnio  fat  u-KgCN 

Plasma  was  prepared  and  analyzed  for  it-KgCN  according  to  a  previously  estab¬ 
lished  method  (Mitchell  et  aL  2013).  Briefly.  18  formic  acid  in  aceioniinle  was 
added  lo  the  plasma,  and  the  precipitate  was  removed  by  centrifugation.  The  result - 
ing  supernatant  was  concentrated  by  drying  under  Nj(g)  and  then  reconstituted 
in  aqueous  formic  acid.  The  reconstituted  sample  was  analyzed  using  iritrahigh- 
performance  liquid  chtotnatograpiiy  tandem  mciSS  spectrometry,  and  n-KgCN  was 
quantified  by  monitonng  the  172  0  to  145.1  m/ziraiisiiion. 

2.4.  Preparonon  and  onatvsa  of  swine  plosma  for  cyanide  and  thioevunafe 

Cyanide  and  thiocyanate  were  measured  simultaneously  according  to  Bhamlan 
ei  al.f2U12)i  Briefly,  tetrabutyi  ammonium  sulfate  and  pentafluorobenayl  bromide 
(PFB-Hr|  were  added  to  plasma,  folluwed  by  voriexing  for  2min.  and  heating  at 
70  Cfor  1 1v  Samples  were  then  centnfuged  at  9300  •£  for  4  min,  and  the  oigamc 
layer  wa^s  analyzed  by  chemical  iomzation  gaS'Chromaiographv  mass-spcctrometry 
(CC>M5)  with  ions  208  and  2-Wm/i  selected  for  quantification  of  FFB-CN  and  PFB- 
SCN.  respectively. 

23.  Prrparotion  and  iinofvsis  o)  swine  plasma  for  AKA 

Plasma  was  analyzed  tor  ATCA  according  to  Logue  et  al.  (2005}  Bnefly,  priHeins 
were  preapltaled  thim  liie  plasma  by  addiiion  of  18  HCI  In  aceione(v/v).  The  super¬ 
natant  was  diluted  with  0.1  M  HCI  and  applied  to  a  mixed -mode  cation  exchange 
solid  pluse  extraction  column.  Afrer  washing  the  column,  ATCA  was  eluted  using 
NFLOHiCHtOH'.HiO  (25:.5U:25)  in  0.1  M  HCI. and  the  samples  svere  dried  at  40  C 
MSTFA  in  hexane  (30%  vfvl  was  added  to  the  dned  samples,  and  they  were  heated 
at  50  Cfor  I  h  to  chemically  modify  ATCA  to  ATCA-{TMS>i  for  CC-MS  analysis  with 
ion  362  moused  for  quantification. 

2&  Toxicolitnetic  ond  (iota  onolysu 

Toxicokineiic  patatneters  were  determined  according  to  methods  described  by 
the  World  Health  Ofgaiiization(IQ86)and  Shatgel  etaLf 20051.  Analysis  of  u-KgCN 
was  completed  with  a  one-n>mpartmenl  model,  with  Cm**.  T,nM.  lira  ^od  elimina¬ 
tion  constants  (X,)  obtained  from  the  concentration-time  curvesu  Area  under  the 
curve  ((AUC|)  afrer  apnea  was  also  deieimined  from  the  concenifaiion-ilme  curve 
iLsing  the  trapezoidal  rule  (Shargel  ei  al.,  2005).  Cnkn/CuMip*.  was  determined  hy 
dividing  the  maxnnuin  plasma  concetitraiion  by  the  baseline  concentration,  file 
ii-KgCN  dau  for  the  cobinamide  and  coiuiol  animals  were  analyzed  with  a  one¬ 
way  analysis  of  variance  and  Bortlett's  lest  for  equal  variances.  Which  showed  a 
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Kg.  2.  Toxicokineiic  profite  of  a-KgCN  tn  control.  IV  cobinamide-treaied,  and  10 
cobmamide-ireated  swine.  Apnea,  pre-exposure  and  5min  infusion  sample  points 
ar«  dfiignAted  as  "rime  0.  —  10.  and  -5”.  rcapvctiwiy.  Th>  pUima  aampled  at  tim* 
zero  was  drawn  prior  to  ireattnent.  the  - 10  time  point  was  obtained  before  infu¬ 
sion  am)  the  -S  time  point  was  collected  Smin  after  exposutv.  Error  bars  denote 
standard  error  of  the  mean  (5EM).  inset:  ’‘znotned'  representation  of  the  plasma 
concentrations  from  2  to  20  min  post-apnea. 


significance  difference  among  the  three  gruups.  Therefore,  iwo-uiled  unpaired  1- 
tests  with  Welch's  correction  were  applied  to  each  lime  point  toevaluatestatisiical 
differences  between  the  grtuips. 

3.  Results 

3, 1  Behavior  of  a~KgCN  after  cyanide  exposure 

The  plasma  a-KgCN  concentration  similarly  increased  in  all 
three  experimental  groups  during  cyanide  infusion,  but  decreased 
with  different  kinetics  after  cyanide  was  stopped  (at  the  onset  of 
apnea)  and  cobinamide  was  injected  (Fig.  2).  In  the  control  saline- 
treated  group  (solid  line),  the  u-KgCN  concentration  showed  a 
typical  exponential  decrease  for  the  duration  of  the  experiment. 
In  the  group  treated  with  IV  cobinamide  (dashed  line).  n~KgCN 
concentrations  showed  a  more  rapid  decrease  compared  to  the  con- 
tro)  group.  In  the  group  treated  with  10  cobinamide  (dotted  line), 
the  U'KgCN  concentrations  fell  at  a  similar  rate  to  the  IV-treated 
group,  but  the  concentrations  did  not  fall  quite  a.s  low  and  were 
still  well  at>ove  baseline  up  to  10  min  post -apnea.  Significant  difTer- 
ences  between  the  control  and  IV  cobinamidc-treated  groups  were 
observed  at  all  points  except  5  and  0  min.  Significant  difTerences 
between  control  and  10  cobinamide-treated  groups  were  observed 
at  —10.  — S,  20.  30,  and  50  min.  In  contrast,  significant  diffemiccs 
between  the  !V  and  10  cobinamide-treated  groups  were  only  found 
pre-apnea. 

3.2.  Comparison  of  the  toxicokineiic  projite  of  a-KgCK  cyanide, 
thiocyanate,  and  ATCA 

The  foxicokineric  profile  of  «-KgCN,  ATCA,  and  cyanide  in 
control  animals  were  generally  similar,  with  the  exception  that 
plasma  cyanide  concentrations  were  considerably  higher  com¬ 
pared  to  ATCA  and  u-KgCN  (Fig.  3).  Also  to  be  noted  is  that  plasma 
ATCA  did  not  decrease  as  rapidly  as  a-KgCN,  likely  because  ATCA 
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Fig.  3.  ToxKokinetic  proAte  of  u-KgCN.  cy*nid«.  thiocyifute.  jfk)  ATCA  in  romrvi 
»winr  Apnra,  prrH*Np<y(ui*  jnd  5  min  Hifuonn  sample  pnmts  are  designaiet)  as 
"umc  0.  >  10,  and  -S',  rcspcaivcly  Tfic  plasma  sampled  at  time  aero  was  drawn 
pi  iur  to  treatment,  the  ~  1 0  time  point  was  obtained  before  infusion  and  tbe  -5  time 
point  was  collected  S  min  after  exposure.  Error  bars  denote  SEM. 


formatiun  is  not  an  equilibrium  reaction,  as  is  production  of  a- 
KgCN.  Thiocyanate  behaved  quire  different  iy  compared  to  the  other 
cyanide  exposure  markers,  decreasing  directly  after  apnea  (2  and 
4  min)and  then  rising  gradually  for  the  duration  of  the  experiment 
(Fig- 3). 

In  the  animals  treated  with  IV  cobinamide,  cyanide,  thio¬ 
cyanate.  ATCA  and  ct-KgCN  showed  the  typical  Increase  in 
concentration  prior  Co  apnea  as  cyanide  was  being  absorbed  and 
distributed  (Rg.  4).  However,  cyanide  concentrations  increased 
sharply  at  2  min  post-apnea  and  then  decreased.  ATCA  concentra¬ 
tions  increased  until  4  min  post-apnea,  before  starting  to  deaease. 
Thiocyanate  and  a-KgCN  concentrations  both  decreased  immedi¬ 
ately  following  apnea,  but  thiocyanate  then  gradually  increased 
starting  at  2  min  post-apnea. 


Tim*  (min) 


Fig.  4.  Toxicokinclic  profile  of  u-KgCN,  cyanide,  thiocyanate,  and  ATCA  in  IV 
cobiiijJTiide-treaied  swine.  Apnea,  pre-exposure  and  5  min  infusion  sample  poinri 
are  designated  as  *time  0,  •  10.  and  >5*.  respectively.  The  plasma  sampled  at  iimr 
zero  was  drawn  prior  to  treatment,  the  lOiime  point  was  obtained  before  mfusien 
and  the  -  5  ume  point  was  collected  S  min  after  exposure  Error  bars  denote  SEM 


Table  2 

Toxicokineiic  parameters  for  a>KgCN.  cyanide,  and  ATCA  m  control  animals  follow¬ 
ing  IV-infusion  of  KCN  (0.17rag/kg(mm)  until  apnea 


Analyte 

C«ux  (uMI 

till  (min) 

Kr 

lAUCitixM  mm) 

Cin4)i/CtM«w> 

u-KgCN 

2.35 

15 

0.0462 

25.6 

102.2 

Cyanide^ 

30.18 

27 

0.0258 

474-4 

3.1 

ATCA' 

4.73 

14 

0.0499 

7S.4 

3.4 

'  The  toxicokineiic  data  for  cyarude  and  ATCA  in  swine  plasma  will  be  reported 
by  Bbandan  et  aL 


3.3.  Toxicokinetics  of  or-/(gCN.  cyanide,  and  ATCA 

Toxicokinctic  parameters  foro-KgCN.  cyanide  and  ATCA  in  con¬ 
trol  animals  are  presented  in  Table  2;  values  for  thiocyanate  could 
not  be  determined  due  to  the  increasing  concentrations  observed 
after  apnea.  A  one-compartment  model  best  represents  the  Coxt- 
cokinetic  behavior  of  a-KgCN  post-apnea,  similar  to  Bhandai  i  et  al. 
(Publication  pending)  for  cyanide  and  ATCA.  u-KgCN,  cyanide,  and 
ATCA  all  exhibited  Tm^x  at  apnea  (Omin).  Among  all  the  mark¬ 
ers.  cyanide  provided  the  highest  ti;2  and  Cnvix  values  (although 
both  could  not  be  determined  for  thiocyanate).  u-KgCN  and  ATCA 
produced  similar  toxicokinetic  values. 

4.  Discussion 

The  increase  in  plasma  u-KgCN  concentrations  before  apnea, 
when  cyanide  is  being  infused,  shows  that  a  portion  of  the  cyanide 
administered  is  quickly  converted  to  o-KgCN,  After  apnea,  when 
the  cyanide  infusion  is  stopped,  the  metabolism  and  distribution  of 
cyanide  dominates  and  u-KgCN  concentrations  rapidly  decrease. 
Because  u-KgCN  formation  is  an  equilibrium  reaction  (Fig.  1). 
the  rapid  decrease  in  cyanide  rapidly  consumes  a-KgCN  as  the 
equilibrium  favors  the  reactants.  The  sudden  decrease  in  a-KgCN 
levels  in  the  IV  and  10  cobinamide-treated  animals  post-apnea  was 
expected  considering  that  cobinamide  was  administered  just  after 
apnea.  Cobinamide  has  a  high  affinity  for  two  cyanide  ions  (Brenner 
et  al..  2010b),  and.  therefore,  free  cyanide  in  the  plasma  is  rapidly 
sequestered  after  treatment,  causing  a  decrease  in  free  cyanide, 
which  leads  to  the  consumption  of  a-KgCN  as  the  equilibrium  shifts 
toward  the  production  of  u-Kg  and  cyanide  (Fig.  1 ). 

Comparing  the  cobinamide-ireated  groups  to  the  control  ani¬ 
mals.  the  main  difference  ocairs  immediately  following  apnea, 
when  plasma  cyanide  sharply  increases  and  a-KgCN  sharply 
decreases.  The  increase  in  cyanide  and  decrease  of  a-KgCN  in  the 
treated  animals  is  likely  the  result  of  rapid  cyanide  extraction  from 
the  red  blood  cells  into  the  plasma  through  cobinamide  sequestra¬ 
tion  of  cyanide  (Nath  ccal..  201 3).  This  phenomenon  would  result 
In  less  free  cyanide  in  the  plasma  even  though  the  total  (free  and 
sequestered)  cyanide  concentration  increases.  The  sequestration  of 
cyanide  causes  a  sudden  decrease  in  a-KgCN  concentrations.  ATCA 
also  showed  an  increase  in  concentration  until  about  4  min  post¬ 
apnea.  which  could  be  explained  by  conversion  of  small  amounts 
of  free  cyanide  released  by  dicyano  cobinamide  or  aquocyanocobi- 
namide  (Blackledse  et  al.  2010). 

Thiocyanate  also  showed  interesting  behavior  in  the  control  and 
cobinamide-treated  animals.  The  increase  in  thiocyanate  concen¬ 
trations,  as  cyanide  is  infused  into  (he  animal,  is  expeaed  because 
of  the  large  fraction  of  cyanide  converted  to  thiocyanate  as  the 
major  detoxihearion  pathway  of  cyanide  (Ansell  and  Lewis,  1970: 
Baskin  et  al..2004;  Sousa  et  al.  2003).  After  theinfusion  is  stopped,  a 
sudden  decrease  in  the  thiocyanate  concentration  occurs,  because 
less  free  cyanide  is  available  and  the  combination  of  thiocyanate 
distribution  and  elimination  is  more  rapid  than  (he  conversion 
of  cyanide  to  thiocyanate.  Over  time,  the  rate  of  conversion  of 
cyanide  to  thiocyanate  increases  as  rhodanese's  activity  increases 
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(rhodanese  is  the  enzyme  mainly  responsible  for  enzymatic  conver¬ 
sion  of  cyanide  to  thiocyanate)  (Wrabel  and  Frendo,  1 992;  Wrobel 
et  al,  2004).  After  2-4  min,  tldocyanate  elimination  is  not  fast 
enough  to  match  the  rate  of  conversion  of  cyanide  to  thiocyanate, 
causing  a  buildup  of  thio^nate  In  the  plasma  (Wrobel  and  Frendo, 
1992;  Wrobel  et  aL,  2004).  Chan  et  al.  (2010)  also  observed  an 
increase  in  plasma  thiocyanate  concentrations  as  cyanide  was 
released  from  red  blood  cells  and  amverted  to  thiocyanate. 

We  found  a  statistical  difference  between  the  a-KgCN  concen¬ 
trations  of  the  control  and  cobinamide-treated  animals,  suggesting 
that  a-KgCN  is  eliminated  from  the  plasma  at  a  faster  rate 
when  cobmamide  is  administered.  Animals  receiving  IV  cobi- 
namide  showed  die  fastest  elimination  of  a-KgCN  from  the 
plasma,  but  it  was  certainly  comparable  to  that  in  animals  receiv¬ 
ing  10  cobinamide,  suggesting  die  two  routes  of  administradon 
alloiAKd  similar  distribudon  profiles  for  cobinamide.  Previous  stud¬ 
ies  conducted  in  Gottingen  minipigs  have  shown  that  10-  and 
[V-administratlon  of  the  cyanide  anddote,  hydroxocobalamin.  to 
non-cyanide-poisoned  animals  produce  similar  distribution  pro¬ 
files  (Murray  et  aL,  2012).  Significant  differences  were  also  seen 
pre-apoea  in  all  groups,  which  can  be  explained  due  to  interanimal 
variability. 

Comparison  of  the  toxicoldnetic  parameters  of  a-KgCN  to  those 
of  cyanide  and  ATCA  (Table  2).  shows  that  a-KgCN  behaves  simi¬ 
larly  to  ATCA,  although  ATCA  had  the  largest  ffe  value,  suggesting  it 
is  eliminated  faster  from  the  plasma  than  cyanide  or  a-KgCN.  Com¬ 
parison  of  the  [AUC]  values,  establishes  that  a-KgCN  had  the  lowest 
overall  plasma  concentrations  throughout  the  study,  supported  by 
its  fast  rate  of  elimination,  low  Cum  concentrations,  and  low  base¬ 
line  concentrations.  We  will  present  a  more  detaUed  description  of 
the  toxicoldnetic  behavior  Of  cyanide,  thiocyanate  and  ATCA  in  a 
future  publication. 

Plasma  concentrations  of  oi-KgCN  were  relatively  low  in  all  ani¬ 
mals  compared  to  cyanide  and  thlcKyanate  because  a  relatively 
Icnv  amount  of  cyanide  was  detoxified  by  the  oi-KgCN  pathway. 
It  has  been  suggested  that  about  80%  of  cyanide  is  converted 
to  thiocyanate  in  the  presence  of  a  sulfur  donor  (Ansel!  and 
Lewis,  1970;  Baskin  et  aL.  2004;  Sousa  et  aL,  2003)  and  another 
15-20%  of  cyanide  is  metabolized  by  L-cystine  to  produce  ATCA 
(Ansell  and  Lewis,  1970).  This  would  suggest  that  only  a  small 
pertentage  of  cyanide  is  amverted  to  other  detoxification  prod¬ 
ucts  in  non-treated  (control)  animals,  induding  cyanocobalamin 
(AstLer  and  Baud,  1995;  Butte  et  aL,  1982;  Chatzlmichalalds  et  al., 
2004)  and  cyanide-protein  adducts  (Fasco  et  aL«  2007;  Youso 
et  al„  2010,  2012),  which  is  consistent  with  the  low  plasma 
concentrations  of  a-KgCN.  Based  on  the  measured  u-KgO^  con¬ 
centrations  and  detoxification  of  cyanide  by  the  thiocyanate  and 
ATCA  pathways,  we  estimate  that  about  0.1-1.7%  of  the  cyanide 
dose  was  converted  to  a-I^CN.  This  estimation  was  done  by 
dividing  the  maximum  comientrations  of  a-I^CN  by  Che  total  max¬ 
imum  concentrations  of  cyanide,  thiocyanate,  ATCA  and  a-KgCN  of 
cobinamide-treated  and  control  animals  after  factoring  in  the  dis¬ 
tribution  of  cyanide  between  red  blood  cells  and  plasma  (70-96%  of 
blood  cyanide  resides  in  the  red  blood  cells  (Baar,  1966;  Lundquist 
et  al..  1985).  The  percentage  of  cyanide  in  plasma  increases  as 
the  cyanide  dose  increases,  because  the  red  blood  cells  become 
saturated  with  t^anide  (Lundquist  et  al.,  1985).  Further  studies 
(i.e.,  radioisotope  experiments)  would  have  to  be  undertaken  to 
accurately  calculate  how  much  cyanide  participates  in  the  a-KgCN 
pathway. 

This  study  suggests  that  use  of  oc-KgCN  as  a  biomarker  for 
cyanide  exposure  would  be  most  applicable  in  instances  of  acute, 
high-dose  cyanide  poisoning  soon  after  exposure.  The  major 
advantage  of  using  a-KgCN  as  a  marker  for  cyanide  exposure  is 
the  low,  If  not  undetectable,  levels  of  endogenous  a-KgCN  in  the 
plasma,  making  cyanide  exposure  easy  to  detect  from  elevated 


a-KgCN  concentrations.  Comparing  the  maximum  cyanide, 
thiocyanate,  ATCA  and  a-KgCN  plasma  concentrations  to  their 
endogenous  (baseline)  concentrations,  shows  that  a-l^CN  has 
a  much  higher  Cma/CbaxUno  suggesting  that  measuring  plasma 
a-E^CN  can  provide  a  definitive  confirmation  of  cyanide  exposure. 
Although  there  are  several  potential  advantages  of  a-KgCN  as  a 
cyanide  exposure  marker,  its  rapid  elimination,  especially  in  the 
presence  of  cobinamide,  may  limit  its  use. 

To  our  knowledge,  this  work  provides  the  first  reported  Coxi- 
cokinetic  profile  of  a-ECgCN  in  any  animaL  The  ability  to  measure 
a-ECgCN  in  plasma  would  be  beneficial  in  studies  using  a-Kg  as 
a  ^anide  antidote  (Bhattacharya  et  al.,  2002;  Bhattacharya  and 
Vijaiyaraghavan,  1991,  2002;  Hume  et  al,  1995;  Mathangi  et  ai.. 
2011;  Tulsawani  et  al.,  2005).  The  equilibrium  constant  for  the 
formation  of  a-E(gCN  (IQ;ct-KscN)  was  estimated  by  assuming  the 
reaction  was  at  equilibrium  at  apnea.  The  a-K^N  concentration 
(2.35  pJU)  was  divided  by  the  remaining  cyanide  concentration  (le., 
30,18  p,M- 2.35  |jlM  >27.83  p.M)  and  the  remaining  endogenous 
a-Kg  concentration  (te.,  23,95  p.M- 2.35  pM -21.60  p,M  (Dabek 
et  al.,  2005)).  Based  on  the  calculated  equilibrium  constant 
(KfA-KgcN  *3.9  X  10~^),  the  conversion  of  a-Kg  into  a-KgCN  is  not 
favorable.  Therefore,  tiie  use  of  a-Kg  as  a  therapeutic  may  not  be 
very  effective,  but  further  studies  would  have  to  be  undertaken  to 
determine  a-KgCfTs  efficacy  in  minimizing  the  lethality  of  cyanide 
following  exposure. 

Future  work  should  address  the  absorption,  distribution,  and 
elimination  of  a-KgCN  in  other  animals  to  determine  the  most 
appropriate  animal  model  for  evaluating  the  behavior  of  a-KgCN 
in  humans  following  cyanide  exposure.  Rigorously  determin¬ 
ing  the  and  the  amount  of  cyanide  that  participates 

in  the  a-KgCN  pathway,  would  produce  a  clear  picture  of  the 
role  of  a-Kg  In  cyanide  detoxification,  both  naturally  and  as  a 
therapeutic 
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Accidental  or  intentional  cyanide  poisoning  ts  a  senous  health  nsk.  The  current  suite  of  FDA  approved 
antidotes,  including  hydroxocobalanun.  sodium  nitrite,  and  sodium  thtosullate  iseHective,  but  each  anti¬ 
dote  has  specific  major  limitations,  such  as  large  eRective  dosage  or  delayed  onset  of  action.  Therefore, 
next  generation  cyanide  antidotes  are  being  myestigafed  to  mitigate  these  limiiations.  One  such  anti¬ 
dote,  'i-mercaptopyruvate  (3-MP),  detoxifies  c'yanide  by  acting  as  a  sulfur  donor  ro  converr  cyanide  into 
thiocyanate,  a  relatively  nontoxic  cyanide  metabolite,  An  analytical  method  capable  of  detecting  3-MP  m 
biological  fluids  is  essential  for  the  development  of  3-MP  as  a  potential  antidoie.  Tliereforc.  a  high  per¬ 
formance  liquid  chromatography  tandem  mass  spectrometry  (HPLC-MS-MS)  method  was  established  to 
analyze  3-MP  from  labbit  plasma.  Sample  preparation  consisted  of  spiking  the  plasma  with  an  internal 
standard  ('*Ci-3-MP).  precipitanon  of  plasma  proteins,  and  reaction  with  monobromobimaiu'  lo  inhibit 
the  charaaensiic  dimenzalion  of  3-MP.  The  method  produced  a  iimii  of  detection  of  0.1  p.M,  a  linear 
dynamic  range  of  O.S-lOO  pM.  along  with  excellent  linearity  {R^  >  0.999),  accuracy  (±9%  of  the  nominal 
cancenira(ion)aiuJ  precision  («7X  relative  standard  deviation).  The  optimized  HPLC-MS-MS  method  was 
capable  of  detecting  3'MP  in  rabbits  that  were  administered  sulfanegen.  a  prodrug  of  3-MP.  following 
cyanide  exposure.  Considering  the  excelleni  performance  of  this  method,  it  will  be  utilized  for  rurther 
investigations  of  this  promising  cyanide  antidote. 

O  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Humans  are  exposed  to  cyanide  (LOsu,  human  « 1 . 1  mg/kg)  1 1 .2 1 
in  a  variety  of  ways,  such  as  ingestion  of  some  edible  plants 
(spinach  or  cassava),  industrial  operations,  smoke  inhalation  from 
fires  and/or  cigarettes,  and  terrorist  activities  |3.4|.  Once  cyanide 
is  absorbed,  it  inhibits  the  enzyme  cytochrome  c  oxidase  in  the 
electron  transport  system,  thereby  disrupting  aerobic  inetabolism. 
There  are  currently  three  VS.  Food  and  Drug  Administration  (FDA) 
approved  cyanide  treatments:  hydroxocobalamin.  sodium  nitrite, 
and  sodium  thiosulfate  12,5-71. 

Hydroxocobalamin  (vitamin  Bijj)  is  a  large  molecular-weight 
cyanide  antidote  that  detoxifies  cyanide  by  sequestration.  It  forms 
a  very  strong  bond  with  cyanide  because  of  the  high  affin¬ 
ity  of  cyanide  for  the  central  cobalt  atom  (Ka^IO'^M*')  |8|. 
Cyanide  binds  to  cobait  to  produce  cyanocobalamin  (vitamin  813) 
|9- 1 1  i,  which  i-esides  in  the  plasma  and  is  excreted  in  urine.  The 
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potential  adverse  ejects  of  hydroxocobalamin  are  generally  mild 
and  include  elevated  blood  pressure,  decreased  heart  rate,  rashes, 
and  red  coloring  of  the  skin,  tears,  urine  and  sweat  |  li,13|.  The 
recommended  dose  of  hydroxocobalamin  is  5g(admini5tered  over 
ISmin).  Because  of  the  high  dose  needed  for  optimum  therapeu¬ 
tic  effect,  hydroxocobalamin  must  be  administered  intravenously 
[2. 1 4],  limiting  the  applicability  ot  hydroxocobalamin  in  ma.ss  casu¬ 
alty  situations. 

Similar  to  hydroxocobalamin.  the  mechanism  of  action  of 
sodium  nitrite  is  to  sequester  cyanide  from  cytochrome  c  oxidase. 
However,  the  sequestration  of  cyanide  is  indirect.  Sodium  nitrite 
causes  the  conversion  of  hemoglobin  to  met  hemoglobin,  which  has 
a  high  affinity  towards  cyanide  |14.I5|.  Recently,  anorher  mecha¬ 
nism  of  action  of  sodium  nitrite  was  proposed  as  the  prominent 
method  of  dclnxihcation  in  which  nitrite  is  converted  to  nitric 
oxide,  which  subsequently  displaces  cyanide  bound  to  the  active 
site  of  cytochrome  c  oxidase  1 1  b,  1 7 1.  Although  sodium  nitrite  works 
well  to  detoxify  cyanide,  it  is  toxic  at  large  concentrations  |3.tS| 
and  has  a  small  therapeutic  window.  Sodium  nitrite  is  especially 
toxic  when  smoke  inhalation  has  occurred,  due  to  the  conversion  of 
hemoglobin  to  methemoglobin,  which  reduces  the  oxygen  carrying 
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capacity  of  the  blood  (18].  Due  to  its  limited  therapeutic  efficacy, 
sodium  nitrite  is  typically  administered  in  tandem  with  sodium 
thiosulfate. 

Sodium  thiosulfate  detoxifies  cyanide  by  donating  a  sulfur  to 
convert  Qranide  to  the  much  less  toxic  thiocyanate  [18-20].  There¬ 
fore,  sodium  thiosulfate  belongs  to  a  class  of  cyanide  therapeutics 
known  as  sulfur  donors,  which  utilize  sulfmtransferase  enzymes 
as  caCal^ts.  Sodium  thiosiJfete  utilizes  rhodanese,  which  is  mainly 
found  in  the  liver  and  kidneys  [14,19],  leaving  the  heart  and  central 
nervous  system  less  protected  and  the  main  locations  of  cyanide 
toxicity  [14].  It  also  has  a  slow  onset  of  action,  attributed  to  slow 
entry  into  cells  and  the  mitochondria  [5].  This  necessitates  its  use 
in  combination  wirii  faster  acting  therapeutics,  typically  sodium 
nitrite. 

Considering  that  current  cyanide  antidotes  each  have  major 
limitations,  alternative  cyanide  antidotes  are  being  investigated 
[5.8.21  j.  One  such  alternate  antidote  is  3-mercaptopynivate 
(3-MP).  Similar  to  sodium  thiosulfate,  3-MP  acts  as  a  sul¬ 
fur  donor  to  produce  thiocyanate  but  is  instead  catalyzed  by 
3-mercaptopyruvate  sulfurtransferase  (3-M^  [1921.22].  Sulfa- 
negen,  a  prodrug  of  3-MF  (i.e.,  sulfanegen  converts  to  3-MP  upon 
administration),  has  been  found  to  be  highly  effective  in  reversing 
cyanide  toxidty  [1420,21 ,23,24].  Although  a  method  for  the  detec¬ 
tion  of  3-MP  by  HPLC  from  mouse  tissue  has  been  proposed  [25],  a 
multistep,  len^y  (>60  min),  and  high  temperature  (9S  °C)  modi¬ 
fication  of  3-MP  is  necessary.  Therefore,  the  abjective  of  this  study 
was  to  develop  a  simple  and  sensitive  analytical  method  for  the 
analysis  of  3-MP  from  rabbit  plasma  to  facilitate  further  develop¬ 
ment  of  3-MF  as  a  cyanide  antidote. 

Z  &q»crliiMiital 

2.1.  Reacts  and  standards 

All  solvents  were  LC-MS  grade  unless  otherwise  noted.  Ammo¬ 
nium  formate  and  3-mercaptopyruvate  (3-MP;  HSCH^COCOOH) 
were  purchased  iram  Sigma-Aldrich  (St  Louis,  MO,  USA).  Ace¬ 
tone  (HPLC  grade,  99.5%)  was  purchased  from  Alfa  Aesar  (Ward 
HUL  MA.  USA).  Isotopically-labeled  3-MP 
was  synthesized  and  provided  by  the  Center  for  Drug  Design, 
University  of  Minnesota  (MinneapoUs,  MN,  USA)  [211.  MiLlex 
tetrafluoropolyethylene  syringe  filters  (0.22  pm,  4  mm,  Billerica, 
MA,  USA)  were  obtained  through  Fisher  Scientific  (Pittsburgh,  PA. 
USA).  Monobromobimane  (MBB)  was  obtained  from  Fluka  Analyt¬ 
ical  (Buchs,  Switzerland)  and  a  standard  solution  (sod  itM)  was 
prepared  in  LC-MS  grade  water  and  stared  at  AK.  3-MP  calibra¬ 
tion  standards  and  quality  controls  (QCs)  were  prepared  irom  a 
5  mM  stock  solution  by  serial  dilution  with  rabbit  plasma.  The  inter¬ 
nal  standard  solution  was  prepared  from  a  stock  solution  of  1  mM 
isotopically-labeled  3-MP  in  LC-MS  grade  water  and  stored  at  4*’C 

22.  Biofogiad^uids 

Rabbit  plasma  was  obtained  from  two  sources,  a  commercial 
vendor  and  a  study  used  to  evaluate  effectiveness  of  sulfanegen  in 
cyanide-exposed  rabbits.  For  method  development  and  validation, 
rabbit  plasma  (CDTA  anti-coagulated)  was  purchased  from  Pel- 
Freeze  Biological  (Rogers,  AR.  USA)  and  stored  at  -80  until  used. 
Rabtut  plasma  from  sulfanegen  ^caqr  studies  was  gathered  at 
the  Beckman  Laser  Institute  at  the  University  of  Callfomia-Irvine. 
Rabbits  were  intramuscularly  anesthetized,  intubated  and  placed 
on  isoflurane.  Cyanide  was  administered  at  0.47mg/min  intra¬ 
venously  until  apnea  (13  min),  sulfanegen  deanol  (0.4  mmol)  was 
then  administered  intraosseoussly  at  apnea.  Blood  was  drawn  from 
the  rabbits  at  baseline  (i.e.,  before  cyanide  exposure),  5  min  alter 


the  start  of  cyanide  infusion,  at  apnea,  then  Z5, 5,  7.5, 10, 15  and 
30  min  after  apnea.  Blood  was  drawn  Into  heparin  collection  tubes 
and  plasma  was  immediately  separated  frtxn  blood.  Hasma  sam¬ 
ples  were  then  shipped  on  dry  ice  to  South  Dakota  State  University 
for  analysis.  Upon  arrival,  the  plasma  samples  were  stared  at  -80 
until  analyzed 

23.  Sample  preparatim 

Plasma  (1 00  3-MP  spiked  or  nottspiked)  was  added  toa  2  mL 
centrifuge  tube  along  with  an  internal  standi  (100  pL  of  15  |jiM 
3-MP-^^C3).  Protein  from  tiie  plasma  was  precipitated  by  addi¬ 
tion  of  acetone  (300  ^L)  and  the  samples  were  cold-centrifuged 
Cniermo  Scientific  Legend  Micro  21 R  centrifuge,  Waltham,  MA, 
USA)  at  8**C  for  30min  at  13,100  rpm  (16,500 xg).  An  aliquot 
( 1 00  pi)  of  the  supernatant  was  then  transferred  into  a  4  mL  ^ass 
vial  and  dried  un^r  Ni.  (Note:  Glass  vials  were  used  in  our  labo¬ 
ratory  mainly  because  of  practical  limiutions  of  the  N2  drier.)  The 
samples  were  reconstituted  with  5  mM  ammonium  formate  in  9:1 
water:mechanol  (IQQ  |j.L).  Underivatized  3-MP  Initially  produced 
unacceptable  chromatographic  behavior  under  all  conditions  eval¬ 
uated  because  of  the  characteristic  dimerization  of  3-MP  [26-28]. 
Therefore,  MBB  (100  pL,  500 pM]  was  added  Co  prohibit  3-MP 
dimerization  by  converting  the  thiol  group,  which  is  necessary  for 
dimerization,  to  a  sulfide.  The  samples  were  heated  on  a  block 
heater  (VWR  International,  Radnor,  PA,  USA)  at  70°C  for  15  min 
to  produce  a  3-MP-bimane  (3-MPB)  complex  (Fig.  1).  The  reacted 
samples  were  then  filtered  with  a  022  p.m  tetrafluoropolyethylene 
membrane  syringe  Alter  into  autesampler  vials  fitted  with  150  p.L 
deactivated  glass  inserts  for  HPLC-MS-MS  analysis.  It  should  be 
noted  that  when  the  number  of  samples  were  above  the  maximum 
limit  of  the  sample  apparatus  (e.g.,  the  centrifuge),  the  samples 
that  were  not  being  actively  prepared  were  stored  in  a  standard 
refrigerator  (4  °C)  to  impede  degradation  of  the  analyte. 

2.4.  HPLC-P^MSanafy^  of  3-MPB 

A  Shimadzu  UHPLC  (LC  20A  Prominence,  Kyoto,  Japan)  coupled 
to  a  5500  Q-Trap  mass  spectrometer  (AB  Sciex,  Framingham,  MA. 
USA)  along  with  an  elecCrospray  ion  source  was  used  for  HPIG-MS- 
MS  analysis.  Separation  was  performed  on  a  Phenomenex  Synergy 
Fusion  RP  column  (50  x  2.0  nun,  4  80  A)  witii  an  injection  vol¬ 
ume  of  1 0  p.L  from  samples  stored  in  a  cooled  autosampler  (1 5  '’C). 
Mobile  phase  solutions  consisted  of  5  mM  aqueous  ammonium  for¬ 
mate  with  1Q%  methanol  (Mobile  Phase  A)  and  5tnM  ammonium 
formate  in  90%  methanol  (Mobile  Phase  B).  A  gradient  of  0-100%  B 
was  applied  over  3  min,  held  constant  for  0.5  mia  then  reduced  to 
0%  B  over  1.5  min.  The  total  run-time  vm  5.1  min  with  a  flow  rate 
of  0.25  ml^min.  and  a  3-MFB  retention  time  of  about  2.75  mtn.  The 
electrospray  interface  was  kept  at  500  with  zero  air  nebulization 
at  90  psi  in  positive  ionization  mode  with  drying  and  curtain  gasses 
held  at  60  psi  each.  The  ion-spray  voltage,  dedusteiing  potentiaL 
collision  cell  exit  potential,  and  channel  electron  multiplier  voltage 
were  4500, 121. 10.  and  2600V.  respectively.  Multiple-reaction- 
monitoring  (MRM)  transitions  of  311  ->  223.1  and311  ->  1922  m/z 
for  3-MPB  and  314->  223.1  and314->  1922  m{z  for  the  internal 
sundard-bimane  complex  were  used  withcoUisIon  energies  of30.S 
and  25  V,  respectively.  The  dwell  time  was  100  ms  for  both  transi¬ 
tions.  Analyst  software  (Applied  Biosystems  version  1 .5.2)  was  used 
for  data  acquisition  and  analysis. 

23.  Calibration,  quonti^cotion  end  linvr  0/ detection 

For  validation  of  the  analytical  method,  we  generally  followed 
the  FDA  bioanalytical  method  validation  guidelines  [29  ].  The  lower 
limit  of  quantification  (LLOQ)  and  upper  limit  of  quantification 


207 


Fig.  1.  3-MPin  equilibrium  with  its  dimer  end  its  reaction  with  MBBtoform  a  stable  3-Mre  complex. 


(ULOQ)  were  defined  using  the  following  indusion  criteria:  1} 
calibrator  predsion  of  <15%RSO,  and  2)  accuracy  of  ±15%of  the 
nominal  calibrator  concentration  back-calculated  from  the  cal¬ 
ibration  curve.  The  initial  calibration  curve  was  prepared  with 
0.2-500 p.M  calibration  standards  (02,  05.  1.  2,  5,  10.  20.  50, 
100,  200.  and  500  p.M)  in  plasma  to  determine  the  linear  range, 
with  the  range  later  decreased  to  0  5-100  piM  for  the  optimized 
method.  A  calibr^ion  curve  w  as  ^sopr^ared  in  aqueous  solution 
and  compared  to  the  plasma  calibration  curve  to  assess  potential 
matrix  effects.  For  all  other  experiments,  calibration  standards  and 
QCSwere  prepared  in  rabbit  plasma.  (X^(N  =5)  were  prepared  at 
three  concentrations  not  induded  in  the  calibration  curve:  1  5  piM 
(tow  QC),  7  5  p.M  (medium  QQ  and  35  |xM  (high  QC).  The  internal 
standard  was  prepared  daily  and  added  to  each  sample,  calibration 
standard  and  QC  during  sample  preparation.  OGs  were  prepared 
fresh  each  day  in  quintuplicateduring  intra- assay  (daily)  and  inter- 
assay  (over  three  separate  days,  within  six  calendar  days)  analyses 
and  were  used  to  caloifate  intra-assay  and  inter-assay  accuracy  and 
predsion. 

The  limit  of  detection  (LOO)  was  determined  by  analyzing  mul¬ 
tiple  concentrations  of  3-MP  below  the  LLOQand  determining  the 
lowest  3-MP  concentration  that  reprodudbty  produced  a  signal- 
to-noise  ratio  of  3,  with  noise  m^isured  asthepeak-to-peak  noise 
directly  adjacent  to  the3-MPpeak.  t  should  denoted  that  3-MP  is 
inherently  present  In  plasma  of  mam  mals[19, 22]  and  was  typically 
seen  in  rabbit  plasm  aat  roncentrations  below  the  limit  of  detection 
in  this  study. 


2.6.  Stability  and  recovery 

To  evaluate  the  stability  of  3-MP,  low  and  high  QCs  were  stored 
at  various  temperatures  (room  temperature  (RT).4‘C.-20*C,and 
-80*Q  and  analyzed  over  multiple  storage  times.  When  storage 
stability  samples  were  analyzed,  internal  standard  was  added  as 
theQCswere  prepared  for  analysis.  Stability  of  3-M  Pw  as  calculated 
as  a  percentage  of  the  initial  concentration  (Mime  zero'),  with  3- 
MP  considered  stable  if  the  concentration  of  a  stored  sample  was 
within  10%of  time  zero.  Long-term  stability  was  conducted  at  three 
storage  axiditions(4,  -20,  and  -  80 '  C).Thesamples  were  analyzed 
in  triplicate  after  1.2. 8. 15. 30,  and  45  days.  Autosampler  stability 
of3-MFB  wasdetermined  after  typical  preparation  of  low  and  high 
QCs  and  storage  in  the  autosampler  for  approximately  2, 4. 8, 12. 
and  24 h.  For  freeze-thaw  stability  of  3-MP,  each  set  of  low  and 
high  QCs  was  prepared  in  triplicate.  Initially,  one  of  QCs  (low 
and  high)  was  analyzed.  The  other  standards  were  stored  at  -80‘C 
for  24  h.  All  standards  were  then  th»v  ed  unassisted  at  RT  and  one 


set  of  QCs  was  analyzed.  The  remaining  QCs  were  replaced  in  the 
-80  Xfre^er. This  process  was  repeated  twice  more  for  threetotal 
freeze-thaw  cycles. 

For  recovery,  five  aqueous  low,  medium  and  high  QCS  were 
prepared,  analyzed,  and  compared  with  equivalent  concentrations 
of  plasma  QCs.  Re(X)very  of  3-MP  was  calculated  as  a  percentage 
by  dividing  the  analyte  plasma  concentration  with  the  calculated 
aqueous  QC  roncentration 

3.  Results  and  discussion 

3.1.  HFl.C-M&MSanalysisof  3-MPfrom  rabbit  plasma 

Under  biological  conditions,  3-MP  is  in  rapid  equilibrium 
with  its  dimer  [30].  This  equilibrium  Is  difficult  to  control  and 
results  in  poor  chromatographic  behavior.  Because  M6B  reacts 
with  the  thiol  group  of  3-MP  [26.27],  which  is  essential  for 
dimerization,  a  single  3-MP6  complex  is  created  (Rg.  1).  which 
produced  excellent  chromatographic  behavior.  Rg.  2  shows  rep¬ 
resentative  chromatograms  of  spiked  and  nonspiked  3-MPB  in 


Tire  {aiini 


Rg.  2.  Representative  chromatograms  of  3-MP  spiked  (20pM)  and  nonspiked 
rabbit  plasma,  monitorirtg  the  311  —•  223.1  m/z  tranation.  The  internal  standard 
314->  223.1  m/z  spiked  and  nonspiked  in  rabbit  plasma  is  also  shown.  3-Mn 
elutes  at  approxim^eiy  2.75 min.  A  small  endogenous  conoentraion  of  3-MP  can 
be  observed  in  the  nonspiked  rabbit  plasna. 
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n0‘  m«M  9«otrum  of  tho  3-Mffi  oomplcx  with  tenuttive  iOentificatian  of 

thoabunOwit  tank  7ho3-Mreian  at  311  m/zoorTespond5to[U-H]  . 


plasma,  with  3-MPB  eluting  at  approximately  2.75min  The 
method  shows  good  selectivity  for  3-MPB  with  no  co-eluting 
peaks  (F^o3.07  from  the  nearest  peak  at  33min),  although 
the  nonspiked  rabbit  sample  shows  a  small  endogenous  3-MP 
concentration  (1921.22241-  Considering  the  rabbit  plasma  ana- 
tyaed  (or  thisstudy  in  aggregate,  it  isestimated  that  the  endogenous 
concentration  of  3-MPln  rabbits  Is  between  005  and  0.1  pM  The 
endogenous  concentration  of  3-kfPh3snot  been  previously  esti¬ 
mated  due  to  rapid  metabolism  in  vivo  (21-2331]  and  the  lack  of 
a  sensllive  analytical  technique 

The  mass  spectrum  of  3-lym.  with  tentative  abundant 
ion  assignments,  is  displayed  in  Rg  3.  The  311 ->223.1  and 
311  -•  1922  transitions  were  selected  as  the  quantif  cation  and 
identikcalion  transitions,  respectively  The  corresponding  transi- 
lionslor  theinternal  standard,  314  — 223.1  and  314  —  192  2,  were 
also  monitored  to  correct  for  multiple  sources  of  potential  analysis 
error 

The  ample  sample  preparation  and  short  chromatographic 
analyasllme  lor  the  method  presented  here  permit  rapid  analyas 
of  numerous  plasma  samples.  The  an^ysis  of  an  individual  sample 
usng  this  method  typically  lasted  approximately  1  h  and  lOmin, 
Including  1h  (or  sample  preparation  and  7mln  for  chromato¬ 
graphic  analyas  (Including  equilibration  time)  Uang  conservative 
estimates,  approximately  90  parallel  samples  could  be  prepared 
and  analyzed  In  a  24  h  period. 

32.  Linear  range,  limit  of  detection,  and  sensitivily 

Calibration  curves  of  3-MP  were  constructed  in  the  range 
of  0  2-500  pM  In  rabbit  plasma  The  sigiat  ratio  of  each  sam¬ 
ple.  denned  as  the  peak  area  for  each  calibrator  divided  by 
Its  corre^onding  internal  standard  peA  area  was  used  as  the 


corrected  stipial  Upon  analysis  of  the  calibrallon  standards  using 
non-weighted  and  weifniled  (1/x  and  1/x7)  calibralion  curves.  0  2. 
200.  and  500  pM  standards  were  excluded  becajse  they  did  not 
meet  the  accuracy  and/or  preasion  mdusion  criteria.  The  linear 
range  lor  the  method  was  05-100 pM  lor  3-MP  when  uang  a 
1/x7  weighted  linear  regression  of  the  callbralors  with  a  correla¬ 
tion  coefficient  (PP)  >0  999  The  LOO  was0 1  pM  and  thelXOQand 
ULOQ  of  the  method  were  05  and  100  pM,  respectively  Moderate 
matrix  effects  were  observed  tor  3-MP  analyas  with  the  dope  of 
the  calibrallon  curve  in  plasma  reduced  as  compared  to  aqueous 
Attempts  were  made  to  reduce  the  matrix  effects  uang  solid-phase 
extraction  (l  e..  weak,  strong,  and  mixed-mode  anion  exchange 
stationary  phases  were  tested  for  3-MP.  and  C18-lype  aafionary 
phases  were  teaed  (or  3-MPB)  w  Ith  no  reduction  observed  There¬ 
fore.  it  Is  necessary  to  prepare  all  calibration  aandards  in  rabbit 
plasm  a  to  determine  accurate  concentrations  of  3-MP. 

3.3.  Accuracy  and  predeon 

Accuracy  and  precision  were  determined  by  quintuplicate  anal¬ 
ysis  of  the  low,  medium,  and  high  QCS  (1.5,  75.  and  35 pM, 
respectively)  on  three  different  days  (within  6  calendar  days; 
Table  1).  The  mira-assay  accuracy  (t919  and  precision  (<7%RSD) 
and  the  inler-assay  accuracy  (i  549  and  precision  (<6%RSO)  for  the 
method  were  excellent  relative  to  the  typical  precision  and  accu¬ 
racy  of  analytical  methodsforlhequantilical ion  of  small  molecules 
from  plasma  samples 

34  aability  and  recovery 

Long-term  storage  stability  of  3-M  Pin  a>iked  plasnawasevd- 
uated  at  4, -20  and  -80'C.with  short-term  stability  evaluated  af 
RT  Autosampler  (2, 4. 8. 12  and  24  h)  and  freeze-thaw  stability  (3 
cycles)  were  also  evaluated  While  3-MPwas  stable  at  -80'Cfor 
at  least  45  days.  It  was  quickly  removed  from  plasma  at  RT,  4.  and 
-20'C(le.,  <1  day)  and  during  freeze-lhaiv  cycles  (ie,  3-MP  was 
stable  (or  only  one  freeze-thaw  cyde)  Lower  sloragetemperatures 
generdly  Increased  the  stability  of  3-MP,  likely  due  to  a  decrease 
in  enzymatic  activity  In  the  aulosampler,  3-MFB  was  stable  for  at 
least  24h  (le..  the  measured  concentrations  were  within  10%of 
the  initial  concentrations)  The  results  from  the  stability  study  sug¬ 
gest  that  if  storage  Is  necessary,  plasma  samples  should  be  frozen 
immediately  and  stored  at  -80'C  Sam  pies  should  then  be  prepared 
immediately  ^er  thawing,  but  can  be  stored  on  an  autosampler  for 
at  least  24h  after  preparation. 

The  recovery  of  3-MP(of  low .  medium  and  high  QCS  was  81 . 75, 
and  75')Lrespectively  These  recoveries  were  below  904(|  but  were 
very  consistent  Incomplete  recovery  can  be  explained  by  facile 
enzyme  catalyzed  converaon  of  3-M  Pin  theplasma  [1922.30]  and 
may  bean  area  lor  further  Improvement  of  the  method 

35.  Analysis  of  sulfanegen-exposed  r^ibits 

The  validated  HPLDMS-MS  method  was  applied  to  the  analy¬ 
sis  of  plasma  from  rabbits  exposed  to  cyanide  and  subsequently 
treated  with  sulfanegen  (14202124)  The  HPLC-MS-MS  analysis 
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Hg.  4.  Hn.C-MS-MSchramat07aDS  of  3-MP  spiked  rabbit  pisma.  plasna  from 
a  sulfanegen  treated  rabbit  and  plasna  from  the  same  rabbit  prior  to  sulfsiegen 
treatment.  The  3-MP sgnal  in  the  sulfanegen  treated  rabbits  corre^onds  to  18  pM. 


of  the  plasma  of  sutfanegen  treated  and  untreated  rabbits  is  shown 
in  Fig.  4.  alongside  a  chromatogr^  of  3-MP  spiked  rabbit  plasma. 
Sulfanegen  treated  rabbits  showed  greatly  elevated  3-MPconc8n- 
trat  Ions  com  pared  to  untreated  rabbits.  Overall,  Rg  4  confi  rm  s  t  hat 
the  method  presented  here  has  the  ability  to  d^ect  elevated  3-MP 
concentrationsfrom  sulfanegen  treated  rabbitsand  may  beapplied 
to  future  studies  of  this  next  generation  cyanide  therapeutic.  A  full 
pharmaa>kinetic  analysis  of  sulfanegen  in  rabbits  by  the  desaibed 
method  will  be  reported  in  the  near  future. 

4.  Conclusion 

An  HPLC-MS-MSmethod  for  the  detection  of  3-MP  was  devel¬ 
oped  which  features simplesamplepreparation, ex cellentaccuracy 
and  precision,  an  excellent  d^ection  limit. and  hasa linear  rangeof 
over  2  ordersof  magnitude.  WhileOgasawaraet  al.[25]  reported  an 
HPLC-fluorescence  m^hod  for  theanalysisof  3'M  Pin  mouse  tissue, 
the  method  presented  here  featured  simple  and  low-temperature 
sample  preparation  (i.e..  3-MP  is  highly  unstable  at  high  temper- 
dures),  rapid  analysis,  a  reduced  lower  limit  of  quantificaticm,  a 
wider  tinear  dynamic  range,  and  the  ability  to  ^alyze  3‘MPfrom 
plasm  a  of  sulfanegen  treated  rabbits,  which  will  fadiitate  thestudy 
of  3-MP  prodrugs  (e.g.,  sulfanegen)  astredmentsfor  cyanide  poi¬ 
soning 
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